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Abstract
A novel approach to cylindrical wire array z-pinches has been developed in order
to create a rotating plasma ﬂow analogous to astrophysical accretion discs. The
method involves subjecting the wire array to a cusp magnetic ﬁeld (Br) to create
converging oﬀ axis ablation streams to form a rotating ﬂow. The rotation is
sustained by the ram pressure of the ablation streams in a quasi-equilibrium
state for approximately 150 ns. This corresponds to one full rotation of the
plasma about the axis. The rotating plasma is supersonic with Mach number  2
and a radially constant rotation velocity between 60 and 75 kms 1; the angular
velocity therefore has an r 1 dependence and the ﬂow is diﬀerential. A Thomson
scattering diagnostic is used to measure the electron and ion temperatures as
Te ' 30 eV and Ti & 55 eV and the ionisation of the plasma (Z) between 6 and
8. These parameters are used to calculate the Reynolds number (105 to 106)
and magnetic Reynolds numbers (20 to 100) which are large enough for viscous
and resistive eﬀects to be negligible on the large scale of the ﬂow. These are of
suﬃcient magnitude for the experiment to be scalable to astrophysical accretion
discs.
Further more the Reynolds number for the experiment is large enough for
shear instabilities to manifest in the plasma. Some evidence for this can be
seen in XUV images and Thomson spectra which indicate the development of
perturbations and vorticity within the ﬂow. Predictions for the growth rate of the
Kelvin Helmholtz instability, 12 to 40 ns, agree reasonably well with the observed
perturbation growth of  30 ns. It is also possible that shear instabilities are
driving hydrodynamic turbulence. Turbulent heating of the plasma could explain
the approximately 500 eV increase in the ion temperature observed from some
Thomson spectra. Further work is required however to prove the existence of
shear ﬂows and turbulence within the experiments.
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1 Introduction
The wire array z-pinch has been the standard tool of z-pinch physics for many
years, particularly as a source of high energy x-rays. This is because they are
extremely eﬃcient, in comparison to other x-ray sources, being able to convert
up to 20% of the generator's electrical energy to x-ray power. For example
the worlds largest z-pinch, the Z machine at Sandia national Laboratories,
can produce an x-ray pulse of 280 TW over 4 ns with a corresponding yield
of 1.8 MJ (Deeney et al., 1998; Spielman et al., 1998). This eﬃcient energy
conversion has resulted in many experiments investigating wire array z-pinches
as an indirect drive mechanism for inertial conﬁnement fusion (Cuneo et al.,
2002). More recently however the focus on pulsed power driven fusion has moved
away from wire arrays and towards direct drive magnetic liner inertial fusion
(MagLIF, Slutz et al., 2010).
The wire array still has many uses however in other areas of z-pinch research;
in particular for laboratory astrophysics. Laboratory astrophysics is an incred-
ibly broad topic of research encompassing many ﬁelds of physics, not just z-pinch
experiments, with the goal of simulating astrophysical phenomena on the labor-
atory scale. The range of topics covered is too large for an exhaustive review here,
see instead for example Remington et al. (2006) or Savin et al. (2012), however
suﬃce to say that essentially every astrophysical phenomena is studied in some
sense by laboratory experiments.
A topic which has seen somewhat less attention however is that of accretion
21
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discs which, at ﬁrst glance, seems odd as they are rather ubiquitous phenomena
in astrophysics. They are observed in systems ranging from proto-stars and
proto-planets (relatively small scale) to active galactic nuclei (incredibly large
scale). The fundamental dynamic of an accretion disc is the gradual transfer of
mass inwards under gravity towards the object being orbited, a process known
as accretion, with a corresponding outwards transfer of angular momentum such
that the angular momentum is conserved; an alternative method of conserving
momentum is through vertical outﬂows. The problem with this processes is that
it requires an anomalous turbulent viscosity to facilitate it which is presently not
well understood; this is one of the major unanswered questions of accretion discs.
The most promising explanation for the required turbulence is the magneto-
rotational-instability suggested by Balbus and Hawley (1991) and whilst some
evidence for this has been provided by experiments (Stefani et al., 2006) there
are still many unanswered questions; for example can this manifest in real systems
and deliver the required amount of momentum transport.
The diﬃculty for laboratory experiments is in recreating the relevant dynamics
of the disc to investigate this anomalous viscosity; in particular because the grav-
itational aspect cannot be replicated. To date the only experiments attempting
to simulate the rotational aspect of a disc use a ﬂuid approach (Ji et al., 2006;
Stefani et al., 2006) whereas plasma based experiments have previously only fo-
cussed on accretion shocks (Krauland et al., 2013a,b; Falize et al., 2012; Park
et al., 2012). The ﬁeld of laboratory accretion studies could therefore beneﬁt
from dedicated plasma experiments into the rotational aspect of accretion discs
as plasma can reach parameter regimes unobtainable from ﬂuid experiments. Us-
ing a novel conﬁguration of the standard cylindrical wire array z-pinch this work
presents experiments which produce a rotating plasma ﬂow relevant to accretion
dynamics.
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1.1 Outline of the Work
1.1 Outline of the Work
The work in this thesis details the development of an experimental platform to
study accretion disc physics in the laboratory. The research focusses on the use
of wire array z-pinch ablation (Section 2.2) placed within a magnetic cusp ﬁeld to
produce a rotating plasma ﬂow, analogous to the plasma/gas of an accretion disc,
through the combination of Lorentz forces Fr and F (in cylindrical geometry);
the cusp ﬁeld is produced by the generator current passing through oppositely
aligned coils connected in series by the wire array. Whilst experiments of this
kind have been previously investigated using numerical simulations (Bocchi et al.,
2013a,b) these are the ﬁrst experiments to be produced in the laboratory. Fur-
thermore, to the authors knowledge, these are the only experiments attempting
to simulate the rotational dynamics of an accretion disc in a high energy density
(plasma) environment.
The work presented in Chapter 4 shows proof of concept experiments demon-
strating the feasibility of this cusp ﬁeld approach in producing a rotating plasma
ﬂow. The focus is on taking this proof of concept to develop a reproducible sys-
tem in order to reliably compare data across numerous experiments. The exper-
iments are analysed using a combination of self emission imaging, laser imaging,
and Thomson scattering diagnostics. A large factor in the reproducibility is the
symmetry of the wire array ablation producing the rotating plasma. For these
initial experiments the symmetry breaks down too early, and too inconsistently,
to make meaningful comparisons to an accretion disc.
The experiments reported on in Chapter 5 detail the bulk of the work using an
experimental set-up which reliably yields reproducible results. The experiments
utilise the same diagnostics as the previous work however there is a much greater
focus on Thomson scattering data, used for temperature, ionisation, and ﬂow
velocity measurements, and XUV data. The results from these experiments are
23
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used to make astrophysical comparisons (Section 6.1) with a particular focus
on dimensionless scaling to determine relevant dynamics. Of particular interest
however is the observation, primarily from XUV data, of perturbed structures
within the rotating plasma. Some attempt to analyse these is made in Section
6.2 however the origin and signiﬁcance of these structures is at present not fully
understood and therefore further investigation is required.
1.2 Authors Contribution
All of the experiments detailed in this work were performed on the Mega Ampere
Generator for Plasma Implosion experiments (MAGPIE) facility at Imperial Col-
lege London. The author was responsible for designing and coordinating all the
presented experiments however setting up and conducting them would not have
been possible without the support of the rest of the MAGPIE team. Additionally
the author has been a supporting member on many other MAGPIE experiments
and has also been involved in the maintenance and repair of the MAGPIE facility.
The initial designs for the experimental hardware used as the driver for the ex-
periments, the cusp ﬁeld wire array, were produced by Professor Sergey Lebedev
and subsequently modiﬁed by Dr Gareth Hall (both from Imperial College) before
the authors arrival at Imperial College. Later modiﬁcations to the hardware, in
particular the designs utilised throughout Chapter 5, are the result of the authors
work. Designs for the hardware were produced using the Solidworks CAD/CAM
software and subsequently constructed by the Physics department mechanical
workshop.
The diagnostics used in this work make up what can be termed the standard
MAGPIE diagnostic suite that has been built up over the course of many years
and many projects. As such setting up of the diagnostics was often a case of
reconﬁguring to the authors speciﬁcation however on occasion a diagnostic would
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require (re)construction from scratch; this was most often the case with the end-
on laser and XUV diagnostics. Also part of the standard suite is a Matlab code
developed by George Swadling used to analyse interferometry data.
The analysis of all experimental results was performed by the author. In par-
ticular the author has spent a signiﬁcant amount of time developing a Python
code to analyse the Thomson data produced by these experiments. Part of the
goal in writing this code was to have fully automated ﬁtting of the Thomson
spectra however this turned out to be infeasible and instead the code was used
to manually ﬁt the data. This code has also been used by the author to analyse
Thomson data produced by other MAGPIE experiments; including for example
the rotating jet experiments detailed later in this chapter.
The results of this work have been presented at a number of international
conferences in the following formats and locations: poster at ICHED 2013, St.
Malo, France; talk at HEDLA X, Bordeaux, France, 2014; talk at the 56th APS
meeting on plasma physics, New Orleans, USA, 2014. Furthermore the results
presented at HEDLA X and the 56th APS have been published in the journal
HEDP (Bennett et al., 2015) and as part of the 9th DZP conference proceedings
(Bennett et al., 2014).
1.3 Introduction to Laboratory Astrophysics
Laboratory Astrophysics comes part and parcel with Astronomy as a means to
test and validate the simulations and ﬁndings of what is otherwise a heavily ob-
servational based science. The aim of laboratory astrophysics is to study, both
theoretically and experimentally, the underlying physics and processes that pro-
duce the observed astrophysical structures. Broadly the ﬁeld could be divided
into three topics and six relevant areas of physics (Savin et al., 2012): observations
(through photon detection) can be understood by atomic, molecular, and con-
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densed matter physics; the evolution of matter from nuclear and particle physics;
and the dynamic processes of the astrophysical objects by plasma physics.
In recent decades the ﬁeld has seen the emergence of a new form of laboratory
astrophysics experiments due to the advent of high energy density (HED) phys-
ics facilities. These facilities - for example NIF, Omega, and Z in the US, LMJ
and LULI in France, and Vulcan, MAGPIE, and Orion in the UK, to name but
a few - largely developed for the purpose of studying nuclear fusion experiments,
are able to produce matter in extreme states of temperature, density, and velo-
city, which are directly relate-able to astrophysical phenomena. This has given
rise to a branch of laboratory studies known as high energy density laboratory
astrophysics; or HEDLA. This new branch of laboratory astrophysics is almost
uniquely in the realm of plasma physics.
With much of the focus of these HED facilities on fusion research the obvious
application to astrophysics is in the ﬁeld of stellar interiors. Much of the work
using very high powered lasers has focused on measuring the opacities, to under-
stand the thermal X-ray radiation transfer through a stellar interior (in-particular
Cepheid variables), and on recreating the shock waves seen during Supernovae
core collapse or propagating through Supernova remnants (Remington et al.,
2006).
Z-pinch experiments, although classed as high energy density, do not typically
reach plasma conditions relevant to stellar interiors; except for some experiments
on Z (Falcon et al., 2013). The focus of much z-pinch laboratory astrophys-
ics, particularly on MAGPIE, is on the jets produced by young stellar objects
(YSO's). These jets typically cover an enormous spatial scale, > 1017 cm, and
have very high Mach numbers ( 20) which typically means radiative cooling
aﬀects the dynamics and morphology. Many questions on YSO's revolve around
the internal structure of the jet, i.e. are they smooth or inherently clumpy
(Savin et al., 2012), but in recent years progress has also been made on the role
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of magnetic ﬁelds within the jet (Suzuki-Vidal et al., 2010; Ciardi et al., 2007)
and on the interaction of a jet into an ambient medium (Suzuki-Vidal et al., 2012,
2013). Furthermore there has been a link proposed between the rotation of ac-
cretion discs and the formation of jets (Kato et al., 2004) known as the magnetic
tower model. Therefore laboratory experiments have also started to probe the
rotational structure and dynamics of jets (Ampleford et al., 2008).
The following sections discuss the principles which allow for understanding the
dynamics of astrophysical systems (i.e. 1017 cm) from laboratory experiments
( 1 cm) and introduce the application of this, and the mechanisms to produce
rotating plasmas in z-pinch experiments, through the discussion of z-pinch plasma
jets.
1.3.1 Astrophysical Scaling
1.3.1.1 Hydrodynamic Similarity
The principle of astrophysical scaling relies on the basis that an event or process
that happens in one system can be described by processes occurring in a second
system, regardless of scale, provided that the underlying physics of both systems
is the same. Many astrophysical phenomena can be described by treating them
as hydrodynamic ﬂuids and as such an experiment attempting to simulate an
astrophysical process must also behave as such.
For an astrophysical gas it is often a valid assumption that the gas behaves
polytropically; that is to say that the energy density per unit volume is pro-
portional to pressure,  = constant  p. This assumption goes beyond an ideal
thermodynamic gas and, although it breaks down at high temperatures and high
degrees of freedom, it is a good approximation for a fully ionised gas or a gas
dominated by radiation pressure. For a laboratory experiment to behave identic-
ally it must therefore replicate this by behaving as an ideal compressible ﬂuid
that is described by the polytropic Euler equations. The experiment must also
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seek to replicate the initial and boundary conditions or evolve on such a tem-
poral or spatial scale that these can be neglected. It is often not practical or
possible to maintain these conditions everywhere in an experiment and instead it
is necessary to focus on interesting physics or regions to replicate. For example
in the jet experiments described later much of the focus is on reproducing the
supersonic propagation of the jet into a vacuum, hence why the Mach number
is an important parameter, but the experiment does not need to reproduce the
same dynamics which lead to the formation of an astrophysical jet; experiments
to study jet formation by MHD processes could be designed separately.
The Euler equations describing the motion of a polytropic gas are (Landau and
Lifshitz, 1987)


@v
@t
+ v  rv

+rp = 0; (1.1)
@
@t
+r  (v) = 0; (1.2)
@p
@t
   p

@
@t
+ v  rp   p

v  r = 0; (1.3)
in which  is the density, v is the velocity,  is the adiabatic index, p is the
pressure, and t is time; there is also the spatial vector r which is contained within
r. The equations represent, from top to bottom, momentum conservation, mass
continuity, and energy conservation.
For two systems to be scalable then the Euler equations must remain invariant
under a transformation from one system to the other. The spatial scale, density,
and pressure are all directly invariant under the transformation
r = ar0;  = b0; p = cp0; (1.4)
which leaves t and v relatable by
t = a
r
b
c
t0; (1.5)
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v =
r
c
b
v0; (1.6)
where 0 denotes the variable in the transformed system and a, b, and c are arbit-
rary (positive) constants. These invariants deﬁne the Euler similarity and it is
important to note that the conditions at the surface of shock waves are also Euler
similar (Ryutov et al., 1999; Coker, 2010); shock waves are essentially a given in
many z-pinch and other HEDP experiments. It is also important to consider the
initial state of such an Euler similar system and deﬁne (Ryutov et al., 1999)
vjt=0 = ~vF (r=h) ; pjt=0 = ~pG (r=h) ; jt=0 = ~H (r=h) ; (1.7)
where F , G, and H are dimensionless functions and h (spatial scale), ~v, ~p, and
~ are scaling factors. If another system has the same functions F , G, and H,
i.e. a geometrically similar initial state, but diﬀerent scaling factors then after
substituting b and c from equation (1.6) we can see the two systems are similar
under the equality
~v
s
~
~p
= ~v0
s
~0
~p0
: (1.8)
The quantity v(=p)1=2 is called the Euler number and if equal ensures the
similar behaviour of the systems provided the initial conditions are similar. In
a mathematical sense this would mean choosing appropriate locations to study
such that the functions F , G, and H, can be normalised in the same way. The
Euler number is similar to the Mach number however it is not a practical measure
for laboratory experiments due to the dependence on density and pressure; these
are not easily measured. Instead it is far more useful to use the Mach number as
a similarity criterion given by
M = v
cs
; (1.9)
where cs is the ion sound speed given by cs = (TikB=mi); Ti is the ion temperature
and mi its mass.
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We can apply the initial value logic to equation (1.5) to compare the temporal
evolution of two systems over spatial scales h and h0. Thus the second system
will evolve identically to the ﬁrst on a time-scale
 0 = 
h0
h
s
~p=~
~p0=~0
; (1.10)
where t in (1.5) has been replaced by a characteristic time-scale  . This time-
scale can represent any time of interest within the experiment that occurs over
a spatial scale h; for example the time for h to change by some factor or for an
instability to grow.
Therefore an experiment done in system (r; ; p; t) is probing the exact same
physics as an astrophysical object in system (r0; 0; p0; t0) provided that both sys-
tems are described by the Euler equations. This correspondingly applies to spatial
scales h and temporal scales  which maps to the same scale fraction h0 and  0.
This similarity is independent of shocks, compressibility, or turbulence (Ryutov
et al., 1999) however so far the discussion has ignored the criteria for which the
assumption of hydrodynamic similarity is valid.
Criteria for Similarity
For a system to be described by the Euler equations requires that it behaves as
a hydrodynamic ﬂuid and that heat conduction and viscosity are not important.
The systems ﬂuidity is a direct result of how collisional it is. In technical
terms the particles in the system must be localised and that localisation must
occur on spatial scales which are small compared to the scale length of the system
h. This localisation can be achieved through either magnetic ﬁelds, requiring that
ri=h  1, or through direct collisions, requiring lc=h  1; ri is the ion Larmour
radius and lc is the mean free path.
We can assess whether the heat transport within the system is hydrodynamic
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through use of the Peclet number and require that
Pe =
hv
e
 1; (1.11)
where e is the thermal diﬀusivity of the electrons. The electrons make the
main contribution to heat conduction and the diﬀusivity depends signiﬁcantly on
whether the electrons are magnetised; in a z-pinch experiment it is expected that
magnetic ﬁeld will be present in the plasma (Greenly et al., 2009; Aleksandrov
et al., 2009) and that the electrons will be magnetised. Application of this dimen-
sionless parameter is made easier by the fact that only the minimum value of 
between the magnetised and unmagnetised cases need be used. If this inequality
is satisﬁed then convective heat transport dominates thermal conduction and the
system is hydrodynamic.
For viscosity to be negligible in the system requires that internal inertial forces
dominate the viscous forces. In systems in which viscous forces play a role the
Euler equation for momentum becomes


@v
@t
+ v  rv

+rp = rv; (1.12)
where  is the kinematic viscosity; the mass and energy equations do not change.
In general  takes account of both photon and particle (ion) viscosity (Drake,
2006; Ryutov et al., 1999) and in a similar sense to the thermal diﬀusivity the
particle viscosity will diﬀer if the ions are magnetised or unmagnetised. In many
laboratory and astrophysical systems the radiation viscosity is usually small com-
pared to the particle and the smaller of the magnetised/unmagnetised values can
be used in calculations. For the system to be fully hydrodynamic, and therefore
described by the Euler equations, requires that the right hand side term be very
small compared to the other terms. This is the case if the Reynolds number Re
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is suﬃciently large such that
Re =
hv

 1: (1.13)
1.3.1.2 Magneto-hydrodynamic Similarity
Magneto-hydrodynamics represents a modiﬁcation to the usual hydrodynamic
description of a system when magnetic ﬁelds start to become signiﬁcant. It is
still assumed that the (scalable) systems in question behave as ideal polytropic
gases and therefore the amendments to the Euler equations are rather straight
forward. The energy conservation and continuity equations remain the same
however the momentum equation must now account for the magnetic ﬁeld, B,
such that (Ryutov et al., 2000)


@v
@t
+ v  rv

+rp =   1
4
B rB; (1.14)
and it is also necessary to add into the consideration Faraday's law,
@B
@t
= r v B; (1.15)
which determines the evolution of the magnetic ﬁeld. These equations describe
ideal MHD and as such the system has no energy dissipation and inﬁnite conduct-
ivity. As with the Euler equations the variables must remain invariant under a
transformation between systems. The ﬁve previous variables transform as before
leaving the magnetic ﬁeld to transform as B =
p
cB0. If we also apply the same
initial value logic then we gain a second condition for similarity in addition to
the Euler number
Bp
v
=
B0p
0v0
; (1.16)
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which deﬁnes the Alfvén number (Coker, 2010). It is also possible to re-write
this criteria as a function of pressure, through the manipulation of the invariant
constants, in which case we would use the plasma beta
 =
8p
B2
;
as a measure of similarity. This parameter deﬁnes the ratio of thermal pressure to
magnetic pressure and is a more widely used parameter than the Alfvén number
when scaling to astrophysics.
As stated above the equations assume inﬁnite conductivity and no dissipation.
If this is not the case then what's known as ohmic dissipation will cause a devi-
ation from the ideal MHD solutions. This is categorised in the evolution of the
magnetic ﬁeld such that Faraday's law becomes
@B
@t
= r v B + c
2
4
r2B; (1.17)
where  is the conductivity. For the new term to be small, and the system to be
ideal, requires that the magnetic Reynolds number be large such that
Rem =
vh
Dm
 1; (1.18)
where Dm = c
2=4 is the magnetic diﬀusivity. A large Rem, which satisﬁes this
condition, corresponds to a high electrical conductivity and small dissipation.
In many astrophysical systems the magnetic Reynolds number is phenomenally
large, approaching scales & 1020 (Castor, 2007). Laboratory experiments cannot
hope to achieve such high scales however can produce Rem  1 and therefore
probe similar MHD regimes.
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1.3.1.3 Summary of Useful Scaling Relations
The above sections have discussed scaling between two systems rather generically
through the context of hydrodynamic similarity and the conditions in which a
system is ideally hydrodynamic or MHD. The parameters are generally required
to be  1 as this represents ignorable physics that allows for the ideal solu-
tions. Astrophysical systems and laboratory experiments however do not always
ﬁt within these ideal solutions and instead it is important that a laboratory ex-
periment probes the same physics, ideal or not, as its astrophysical analogue.
This requires deﬁning the important regions/physics of interest and ensuring
that unimportant regions aren't adversely aﬀecting the results. It also requires
that the dimensionless parameters which are not simply  1 are more precisely
matched.
The calculation and comparison of relevant dimensionless parameters forms a
large basis of the analysis of laboratory astrophysics experiments and therefore
the important relations discussed above are summarised here.
The Mach number,
M = v
cs
; (1.19)
determines if a plasma is supersonic and more generally if the ﬂuid dynamics of
two systems is relatable. The Peclet number,
Pe =
hv
e
; (1.20)
shows the ratio of heat convection to conduction to determine the method of heat
transport. The Reynolds number,
Re =
hv

; (1.21)
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determines the role of viscosity in the plasma and the magnetic Reynolds number
Rem =
vh
Dm
; (1.22)
the ratio of inertial force to magnetic. Finally the plasma beta
 =
8p
B2
; (1.23)
determines whether magnetic or thermal pressure dominates the system. The
plasma beta however is not often calculated in experiment because the magnetic
ﬁeld and pressure are typically not easily measured; therefore numerical simula-
tions of experiments are often used to provide this value.
1.3.2 Rotating Plasma Jets in Z-pinch Experiments
The ﬁrst experiments to produce rotating plasmas in z-pinch systems focused on
the role of that rotation in astrophysical jets. As many of the principles and
techniques carry over to the experiments that will be presented later, and astro-
physical jets provide a good introduction to laboratory astrophysics, a summary
of these experiments is presented here.
Jets can be produced in z-pinch experiments either using radial wire arrays or
radial foils but in both cases the physics is largely the same. In a z-pinch jet
experiment the cathode and anode, which are cylindrically concentric and separ-
ated by vacuum, are connected radially either using thin wires or a thin circular
foil (typical material is aluminium). As current ﬂows through the wires/foil the
surface ablates plasma which will be acted on by the Jr  B force to produce
a plasma ﬂow in the axial direction away from the wires/foil as shown in Fig-
ure 1.1a. As the azimuthal magnetic ﬁeld B decreases with distance from the
cathode the force on the ablated plasma is correspondingly less at greater radii
such that there is more plasma ablated near the axis. The diﬀerence between a
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radial wire experiment and radial foil is that in a foil the current is spread over
the continuous surface of the foil. In a wire experiment the current ﬂows along
each wire and therefore a local ﬁeld would be established around each wire which
would eﬀect the ablation dynamics.
As the current ﬂows radially outward from the cathode there is no plasma
ablated above the cathode. This leaves a vacuum in the centre of the experiment
and therefore plasma is drawn towards the centre by the pressure gradient. This
leads to the formation of high density, hydrodynamic, jet on the axis which
propagates away from the foil as the plasma still has a largely axial momentum
as shown by Figure 1.1b. This jet is surrounded by a lower density halo of mass
moving towards the axis. Depending on the thickness of the wires or foil it is
possible for the material to ablate so much mass as to break and leave a radial
gap. The current will then ﬂow through the ablated plasma and form magnetic
cavities as shown in Figure 1.1c. The current ﬂow produces a toroidal magnetic
ﬁeld around the jet which will act to restrain its radial expansion and produce
a magnetically driven jet. Investigations into the properties of hydrodynamic
(Lebedev et al., 2002) and magnetically driven jets (Suzuki-Vidal et al., 2010,
2012, 2013) has been extensively covered using the MAGPIE facility. These
jets have typical Mach number >20, Reynolds number  1, Peclet >1, and in
the magnetic jets magnetic Reynolds number 300-1000. These parameters within
astrophysically relevant regimes meaning that the dynamics of these experimental
jets are similar to astrophysical ones; as per the above discussion on scaling
relations.
To produce rotation within a z-pinch experiment requires additional magnetic
ﬁelds to interact with the plasma to produce an azimuthal Lorentz force; these
magnetic ﬁelds can either be produced by ﬁxed magnets or the generator current.
A ﬁxed magnet can be used in radial foil experiments to produce a vertical magnet
ﬁeld Bz as shown in Figure 1.2. As the current ﬂows the plasma is acted on by a
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Figure 1.1: Images showing the various stages of jet formation from radial
wires/foils. (a) shows the initial ablation of the wire/foil and ac-
celeration under the Jr  B force. (b) shows the inward motion of
the plasma to create a high density jet surrounded by low density
halo. (c) shows the formation of a magnetic bubble due to current
ﬂow through the plasma if the wire/foil breaks.
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Figure 1.2: Rotating foil experiment due to introduction of Bz by solid cylindrical
magnet (square boxes around cathode).
Lorentz force Fz = JrB as discussed before however the addition of a vertical
ﬁeld, Bz, also provides a force F = JrBz. As the plasma is ablated away from
the surface and forms the jet the plasma will rotate as the direction of F will
be opposite either side of the cylindrical axis. The amount of rotation produced
will be dependant on the ratio Bz=B.
Velocity measurements from such a rotating jet experiment using a 0.3 T cyl-
indrical magnet, obtained from a Thomson scattering diagnostic, indicate that
mass simply moves towards the axis with no discernible rotation. This serves
to demonstrate some of the diﬃculty in producing a rotating ﬂow on a z-pinch.
The magnetic ﬁeld generated by the peak current (1.4 MA) is on the order of
tens of Tesla close to the foil/wires (millimetre range). Compare this with the
0.3 T ﬁxed ﬁeld and we can see why it is unlikely we would detect rotation in
this experiment; for rotation experiments to succeed requires a magnetic ﬁeld on
a scale much closer to the generator current.
It is easier to achieve a larger ratio of magnetic ﬁelds, and therefore forces,
by using the generator current itself. An alternative approach to radial wire
experiments is to have the anode shifted in the z direction such that it is vertically
above the cathode (Lebedev et al., 2002), but with a concentrically larger radius,
with the wires connecting as shown in Figure 1.3. As current ﬂows the wires ablate
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Figure 1.3: Jet production through the use of vertically angles wires.
plasma through the mechanisms described in Section 2.2. The convergence of the
ablation ﬂows on the axis produces a vertically propagating jet structure. If the
anode connections are then twisted by an angle  with respect to the cathode
then as the generator current passes through the wires it will produce a global
axial magnetic ﬁeld in addition to the local toroidal ﬁeld around each wire. The
divergence of this ﬁeld then produces a radial magnetic ﬁeld at the wires which
will produce a net rotation eﬀect due to the combination of Lorentz forces; the
magnitude of the axial ﬁeld and resulting radial ﬁelds is controlled by the twist
angle .
This technique was ﬁrst used by Ampleford et al. (2008) to produce rotation in
a z-pinch plasma. These experiments produce radiatively cooled jets which are
axially hypersonic (M  10   20) but importantly for large twist angle experi-
ments ( = 2=16) the rotational ﬂow is also supersonic withM  2 3. Therefore
whilst these experiments are hydrodynamically scalable to astrophysical jets they
also show that a supersonic rotation can be achieved within a z-pinch experiment;
supersonic rotation is important for simulating accretion discs. This technique,
whereby the generator current is used to produce a radial magnetic ﬁeld at the
wires in addition to toroidal ﬁelds, will be the basis for the approach taken to
produce a rotating plasma relevant to accretion physics studies.
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1.4 Accretion Discs
With the goal of simulating accretion disc physics in the laboratory it is worth-
while understanding the underlying physics of these phenomena. The study of
accretion discs is however a topic that is still evolving and it would be impossible
to provide a full explanation of the many types of discs and their diﬀering struc-
tures and dynamics here; nor would it be relevant to this study. There are many
good texts within the bibliography which cover this in further detail. What
follows is a brief summary of some of the underlying physics of accretion discs
that should provide a basic introduction into how they work and why they are
interesting phenomena.
1.4.1 Accretion disc formation
The dynamics which contribute to disc formation depend largely on the as-
trophysical system; discs are observed as part of active galactic nuclei, proto-
planetary systems, and close binaries, to name but a few. The standard ap-
proach to understanding disc formation is through accretion in close binary star
systems. This is because the concept of transferring mass between binary objects,
and the resulting accretion disc, can more generally be applied to any system in
which there is a transfer of mass from one source to another.
To aid the ﬂow of discussion we term the object/star onto which mass accretes
as the primary and the star which is losing mass as the secondary. The primary
mechanism for mass transfer in a binary system is through Roche lobe overﬂow;
although an alternative method is through stellar wind accretion (Frank et al.,
2002). The process is called Roche lobe overﬂow because the secondary star has
ﬁlled its Roche lobe and the mass transfer occurs through the ﬁrst Lagrange
point of the binary system. A result of this overﬂow is that the transferred
mass typically has a very high angular momentum which can prevent it from
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accreting directly onto the surface of the primary. The stream of matter passing
through the Lagrange point will be supersonic and it will continue to be so as
it is accelerated by the gravity of the primary object. This means the mass can
be treated as a ballistic collection of particles and that the conditions at the
Lagrange point have little impact on the resulting trajectory.
We therefore approximate the matter to be released from rest at the Lagrange
point which makes its trajectory a result of the gravitational ﬁeld of the primary
alone; taking into account of course its angular momentum. As there is no
mechanism through which the mass could lose angular momentum (at least at
this stage in the evolution) it will tend towards the orbit with lowest energy
which is circular. The gas will therefore orbit the primary at a distance of Rcirc
such that Rcirc is a Kepler orbit with the same angular momentum as the gas
had when it passed through the Lagrange point. If however the primary occupies
the space at Rcirc, i.e. R? > Rcirc, then obviously a disc cannot be established
and the gas stream through the Lagrange point must crash obliquely into the
primary. This results in an accretion shock ; this process is not addressed in this
work however Laboratory simulations of such events have been the focus of many
accretion studies to date, for example Falize et al. (2012); Park et al. (2012).
For Rcirc > R? the transferred gas establishes a ring of matter within which
will be collisions, shocks, and viscous processes which converts some of the or-
bital energy to internal. This energy is then lost from the gas through radiative
processes. To conserve energy the gas therefore falls to a lower gravitational
potential, i.e. a closer orbit, which requires it to lose angular momentum. This
is the crux of accretion studies; understanding the mechanisms through which
the angular momentum is transferred. As stated above a circular orbit has the
least orbital energy and therefore mass will slowly spiral inwards through approx-
imately circular orbits; this conﬁguration is what's known as an accretion disc.
The inward loss of angular momentum can only occur if there is a corresponding
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outwards transfer of angular momentum through the disc. Therefore the ring
that initially formed at Rcirc will spread out to cover smaller and larger radii to
establish the disk.
1.4.2 Viscous processes within a disc
Assuming the self gravity of the disk can be neglected, not an unreasonable
assumption in many accretion systems, then the circular orbits are Keplerian
and have an angular velocity

K (R) =

GMp
R3
1=2
; (1.24)
where Mp is the mass of the primary object. This implies that the rotation is
diﬀerential; i.e. material at diﬀerent radii have diﬀerent 
 and ﬂuid elements
will slide past each other. Due to random thermal or turbulent motions of the
particles arising from diﬀerent velocities this will create viscous stresses between
layers at diﬀerent radii. Conversely in a system with rigid rotation (
 = const)
or uniform translational motion (v = const) there will be no shear because the
ﬂuid layers move without strain. The mechanism of viscous torque providing
the angular momentum transport assumes the ﬂuid interactions are localised; a
non-local mechanism for transport will be discussed in the next section.
The simplest way to understand shear viscosity is through the transfer of mo-
mentum across the boundary y0 between two ﬂuids undergoing plane parallel
ﬂow in the x direction, with velocity u(x), as shown in Figure 1.4a; the thickness
of the ﬂows is taken to be . We consider the exchange of two ﬂuid elements, for
which linear and angular momentum are conserved, carrying y momentum across
the boundary to y0  =2 at a speed ~v. The net mass ﬂux across the boundary is
assumed to be equal which results in a stress at the boundary given by (Frank
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Figure 1.4: Exchange of ﬂuid elements carrying angular momentum across a shear
surface in (a) planar ﬂow and (b) diﬀerentially rotating ﬂow. The
images are adapted from Frank et al. (2002).
et al., 2002)
xy =  @u
@y
; (1.25)
where  = f~v is the dynamical viscosity with f a dimensionless factor 
1 that changes depending on the exact nature of the turbulence. Using the
deﬁnition for the kinematic viscosity  = = it is apparent that the viscosity due
to hydrodynamic/turbulent shearing is
  ~v: (1.26)
This is an important result as it is exactly the same form for the viscosity that
is found for the more complex case of diﬀerentially rotating shear ﬂow (below).
Naively it might be assumed that this viscosity was always going to be the ﬁnal
form as on scales of   R then the geometry is essentially planar however the
actual reasoning is a little more complex.
To understand the shear in an accretion disc we must consider an azimuthally
symmetric ﬂow with layers of thickness  either side of a surface of constant R as
shown in Figure 1.4b. As before we consider the exchange of ﬂuid elements across
the boundary at speed ~v however they now exchange slightly diﬀerent amounts
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of momentum due to their diﬀerent initial radii. This raises the problem of
whether angular momentum or stream momentum should be conserved across
the boundary with the one chosen depending on the problem at hand. If the
ﬂuid elements are only subjected to external forces such as gravity then angular
momentum should be conserved; this would apply to cold systems rotating with a
Keplerian velocity in which the particles are almost non interacting. The stream
momentum should be conserved in the case that exchange elements interact with
the ﬂowing ﬂuid through, for example, turbulence; this is the case which is most
applicable to accretion discs.
As before it is assumed that there is no net transfer of mass across the bound-
ary however there must be transport of angular momentum through the viscous
torque exerted at the boundary. The torque per unit arc length is given by
 ~vHR2@
=@r which results in a stress
r =  R@

@r
  ~vR@

@r
; (1.27)
which gives the same result for the viscosity,   ~v, as was found for the simple
shearing example.
The total torque at the boundary is given by
G(R) = 2RR2
@

@r
; (1.28)
where  = H is the surface density. This equation satisﬁes the fact there is no
torque for rigid rotation, 
0 = 0, and also shows that for rotation in which the
angular velocity decreases away from the centre, such as Keplerian, that G(R) is
negative. This results in the inner rings losing angular momentum to outer ones
as such the gas spirals towards the centre as expected for an accretion disc.
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1.4.2.1 The -prescription
The above discussion details that viscous torques within a disc allow for the
transport of angular momentum from lesser to greater radii however herein lies
a problem. Recalling from section 1.3.1 that the Reynolds number of a system
measures the importance of viscosity, Re  1 viscous forces dominate, Re  1
viscous forces are unimportant, then it is perhaps surprising to ﬁnd that for close
binary discs Re > 1014 (Frank et al., 2002); even extreme conditions such as
that surrounding active galactic nuclei only reduce this to Re  109 (Castor,
2007). The molecular viscosity of the disc is therefore far too weak to provide
the necessary viscous dissipation in the disc.
It is still possible however that turbulence rather than viscous torque can be the
source of the dissipation as ﬂows with Reynolds numbers greater than Recrit ?
103 4 should be turbulent (Ryutov et al., 1999; Ryutov, 2010) and this would
suggest that therefore an accretion disc should be also. The simplest form of
shear ﬂow turbulence would be the Kelvin Helmholtz instability however it can
be shown that for radially increasing angular momentum, which is the case for
an accretion disc, this turbulence is stabilised. This can be neatly quantiﬁed by
the Rayleigh criterion for stability,
@
@r
 
r2


> 0; (1.29)
which shows that for Keplerian, or similar, rotation an accretion disc is always
hydrodynamically stable.
Assuming however that there is some mechanism for turbulent ﬂow then it is
logical to characterise this turbulence by the size and velocity of the turbulent
eddies; turb and vturb. Using the formalism of equation (1.26) there is a turbulent
viscosity turb  turbvturb which gives rise to the anomalous viscosity problem
of accretion discs. There is as yet no deﬁnitive explanation for how the disc
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viscosity impacts the momentum transport; it is only possible to attempt to place
plausible limits on the viscosity. The assumptions are that the eddies cannot be
larger than the disc thickness H and that their turnover velocity is unlikely to
be supersonic. This leads to the  prescription of Shakura and Sunyaev (1973)
which parametrises the viscosity as
  csH; (1.30)
in which  essentially hides all the unknown aspects of the viscosity. Although
this prescription does not aid in the understanding of accretion physics it has
allowed for the empirical study of accretion discs.
1.4.3 Magneto-Rotational Instability
The Rayleigh criterion shows that accretion discs are stable to pure hydrodynamic
instabilities and furthermore that they are stable to non-axisymmetric perturb-
ations. It is possible however that the turbulence is not hydrodynamic in origin.
A mechanism for turbulence involving magnetic ﬁelds was ﬁrst proposed by Bal-
bus and Hawley (1991) which predicts a viscosity that allows for the outward
transport for momentum. This mechanism is known as the Magneto-Rotational
Instability (or MRI).
The simplest explanation of MRI is to consider the forces acting on a small
kink in an otherwise uniform axial magnetic ﬁeld as shown in Figure 1.5; The
imbalance between the rotational forces and gravity act to increase the perturb-
ation while the magnetic tension tries to stabilise the kink (Figure 1.5b). Due to
the radial diﬀerences the diﬀerent segments of the ﬁeld now rotate at diﬀerent
speeds with the result the ﬁeld becomes wrapped around the disc. If however
the ﬁeld is too strong, or the wavelength of the perturbation too small, then
the magnetic tension restores the uniformity and suppresses the instability; the
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Figure 1.5: Development of MRI from a weak axial ﬁeld in an accretion disc. (a)
shows the initial uniformity of the ﬁeld, (b) the forces acting on an
element which is perturbed towards the axis, and (c) the wrapping
of the magnetic ﬁeld due to rotation which leads to further perturb-
ations. Image adapted from Tajima and Shibata (1997).
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longest possible unstable wavelength is   H for which there is a corresponding
critical ﬁeld above which all growth is suppressed.
Even a very small axial ﬁeld renders the disc unstable to MRI and creates a
radial ﬁeld. This radial ﬁeld stretches azimuthally due to the diﬀerential rotation
to produce an azimuthal ﬁeld. The pressure within the disc tends to push mass
towards the surfaces extending the ﬁeld and producing an axial ﬂux. Hence the
cycle starts again and the exact form of the magnetic ﬁeld becomes even more
complex. The example given above however is not the only method through which
MRI can be generated and current simulations show that all ﬁeld geometries are
unstable to the MRI.
Although direct evidence for the MRI is lacking it is more than likely that some
form of MHD turbulence is involved in accretion discs in which the magnetic ﬁeld
is coupled to the ﬂuid. To further assert this we present the stability criterion
for an MHD disc,
@

@r
> 0; (1.31)
which shows that Keplerian rotation is unstable to MRI. This is not however
conclusive evidence that pure hydrodynamic processes are not the source of the
viscosity in accretion discs.
1.5 Studying Accretion discs in the Laboratory
The study of accretion discs is not a new ﬁeld for laboratory astrophysics. At-
tempting to simulate an accretion disc in a plasma experiment however is a new
approach; to the authors knowledge there are no other experiments attempting
plasma discs in the literature (except for Ryutov (2010) discussed shortly). Previ-
ous experiments to understand accretion physics have either focussed on the ﬂuid
aspect of the disc, through Taylor-Couette experiments (Ji et al., 2006; Stefani
et al., 2006), or in a plasma environment on the photo-ionisation of the plasma
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Figure 1.6: Diagram showing the set-up for a Taylor-Couette experiment. Re-
printed with permission from Ji et al. (2006).
with relevant dimensionless parameters (Remington et al., 2006). We focus here
on the study of the hydrodynamic aspect of accretion discs.
In a Taylor-Couette experiment a rotating ﬂuid, typically water/glycerol mix,
is conﬁned between two concentric cylinders as shown in Figure 1.6. The cylinders
can rotate at diﬀerent rates which causes the ﬂuid to rotate through viscosity.
Independent rotation of the inner and outer cylinders is important as it allows the
experiment to control the rotation proﬁle of the ﬂuid. The aim being to produce
an approximately Keplerian ﬂow, 
 / r 3=2, so that 
 decreases with radius while
the angular momentum,
r2
, increases radially; just like an accretion disc.
Much of the work on Taylor-Couette ﬂows has focussed on setting the outer
cylinder at rest to provide a radially decreasing 
 however this also results in
a radially decreasing momentum. In this regime the ﬂows are linearly unstable
even at low Reynolds numbers however the viscous transport of momentum is in
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the opposite direction to accretion discs. The work of Ji et al. (2006) focussed
on creating a quasi-Keplerian rotation proﬁle such that momentum transport
is in the correct direction for representing an accretion disc. The experiment
generated ﬂows with Reynolds number above the critical value for turbulence
and changed the rotation proﬁle back and forth between the momentum regimes
to generate perturbations. The result of this was that the perturbations were
always damped when the ﬂow returned to Keplerian. This essentially proves
that the ﬂow is linearly stable and therefore hydrodynamic turbulence cannot
eﬀectively transport momentum in an accretion disc.
Experiments have also been done using Taylor-Couette experiments with metal
ﬂuids, for example GaInSn, rotating through a helical magnetic ﬁeld. The helical
ﬁeld essentially simulates the non-uniform ﬁeld that would grow through MRI
turbulence in an accretion disc and these experiments have shown the develop-
ment of such an instability (Stefani et al., 2006). Observations of the MRI and
lack of hydrodynamic turbulence are useful steps forward in the understanding of
accretion discs however Taylor-Couette experiments are limited in determining
the mechanisms through which the MRI can develop.
1.5.1 Plasma approach to simulating aspects of accretion discs
A method for using HED plasma experiments to produce a rotating disc was ﬁrst
proposed by Ryutov (2010) for the purpose of understanding the disc dynamics
and the origins of outﬂows. The general premise is to generate a number of laser
produced plasma jets, at equal radial distances from the axis in a cylindrical
geometry (Figure 1.7a), that are each directed slightly oﬀ centre at an equal
angle  such that a small angular momentum is introduced to the system.
The combination of radius, ﬂow angle , and opening angle , determines the
size of the disc that is formed. The characteristic pressure of the disc is equal to
the ram pressure of the ﬂows provided by their radial component of momentum.
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Figure 1.7: Production of a rotating plasma from convergent plasma jets; reprin-
ted with permission from Ryutov (2010). (a) shows oﬀ axis jets, each
at angle  to the centre, interacting to produce a rotating ﬂow. (b)
side on view showing the initial ﬂow of mass towards the axis and
subsequent funnelling out vertically due to pressure. The black bars
indicate planar plastic/foam targets.
The pressure balance therefore acts to force mass towards the experiment axis,
whether the rotating plasma reaches the axis is determined by the ram pressure
and the viscosity of the ﬂow, however it also causes mass to be forced out of
the plane of the disc (Figure 1.7b) and form vertical outﬂows. The premise here
is that the role of viscosity is morphologically the same as in an accretion disc
by allowing matter to gradually move towards the centre. A key morphological
diﬀerence from accretion discs however is that, due to the outﬂows, it is unlikely
that the experiment will complete more that 1 rotation before the mass is lost
from the disc.
In this experiment conﬁguration it would also be possible to embed a mag-
netic ﬁeld in the ﬂow which would be enhanced by diﬀerential rotation of the
plasma; diﬀerential rotation is however at this point conjecture. This could be
achieved by placing Helmholtz coils equidistant from, and coaxially with, the
disc plane/rotation axis and passing anti-parallel current through the coils. This
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would establish a cusp ﬁeld geometry leading to a mostly radial magnetic ﬁeld at
the laser targets. This ﬁeld will then be frozen in the plasma and advected with
the ﬂow where it will interact and merge with ﬁeld from the other jets to pro-
duce a toroidal ﬁeld. This can only be achieved however if the magnetic Reynolds
number is  1 such that there is suﬃcient electrical conductivity in the plasma.
1.5.2 Z-pinch studies of accretion discs
The study accretion disc physics on a z-pinch experiment makes use of oﬀ axis
ﬂows, in the same sense as proposed by Ryutov (2010), produced by a cylindrical
wire array (see Section 2.2); standard (r; ; Z) geometry is used. In a cylindrical
wire z-pinch a current pulse passes through thin wires, with current density Jz,
producing a global B around the cylindrical array. The surface of the wires
vaporise due to resistive heating forming a plasma. The plasma is acted on
by the Lorentz force Fr = Jz  B producing radial ﬂows convergent on the
array axis. The converging ﬂows are maintained in a quasi-steady state for the
duration of the current pulse or until a signiﬁcant fraction of the wire mass has
been ablated; this results in the accumulation of mass on the axis.
There are two options for diverting the radial ﬂows oﬀ centre to introduce
angular momentum to the ﬂow; both have been investigated using numerical
simulations run on the GORGON code (Bocchi et al., 2013a,b) but not previously
in experiments.
The ﬁrst approach is to use what can be termed a return post set-up shown
by Figure 1.8a (Bocchi et al., 2013b). Each of the ablating wires is coupled with
a return post very close to it but also displaced from it by a small angle . The
current therefore ﬂows from the cathode (bottom inner ring), through the wire
supports (red) and wires (yellow), before looping through the (green) top plate
and returning to anode through the return posts (blue). The outer posts are
positioned close to the inner ones in order to inﬂuence the local magnetic ﬁeld
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(a) (b)
Figure 1.8: 3d representations of oﬀ-centre ablation ﬂows produced from: (a) a
close return post set-up; and (b) a cusp ﬁeld set-up. Images are
reprinted from Bocchi et al. (2013a,b).
around each wire. The small angular displacement produces an asymmetry in
the ﬁeld such that it is stronger closer to the return posts. The resulting Lorentz
force on the plasma is therefore directed oﬀ centre and produces an experimental
environment very similar to that envisaged by Ryutov (2010).
The set-up allows for control of the angular momentum in the system through
changing the displacement angle  as well as the distance between the inner
and outer posts. In a similar sense to that proposed by Ryutov (2010) it also
allows for the easy introduction of magnetic ﬁelds to the system. Helmholtz
coils above and below the ablating wires could be used to produce a uniform
axial magnetic ﬁeld through the plasma. Alternatively a dipolar ﬁeld could be
added to the experiment by positioning a permanent magnet in the centre of
the experiment; this addition is however less practical to achieve in an actual
experiment compared to a simulation. The addition of a dipolar magnetic ﬁeld
to the experiment opens up possibilities for studying discs, or more generally
gasses, around stellar objects with dipolar ﬁelds such as neutron stars.
The second approach is to use a cusp ﬁeld set-up as shown by Figure 1.8b
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(Bocchi et al., 2013a). This method builds on the principles used by Ampleford
et al. (2008), for rotating jets (see 1.3.2), whereby angular momentum, with
respect to the symmetry axis, can be introduced to the ablation ﬂows by the
addition of a radial ﬁeld Br at the wires. The radial ﬁeld drives a Lorentz force
F = Jz  Br. The combination of Fr and F produces oﬀ centre ﬂows at an
angle  with respect to the radial direction r^ and the convergence of these ﬂows
produces a rotating plasma structure. To produce a radial magnetic ﬁeld, Br,
the ablating wires connect two oppositely wound coils above and below the wires.
Current ﬂows from the cathode through the bottom coil followed by the wires
and ﬁnally the top coil before returning to the anode. As current ﬂows through
the the coils oppositely aligned magnetic ﬁelds are created which form a magnetic
cusp in the plane of the wires. This produces the radially directed B ﬁeld at the
wires and is the reason these are coined cusp ﬁeld experiments.
As the magnetic ﬁeld components Br and B are solely produced by the gen-
erator current then the ratio of radial to azimuthal velocity, vr=v, remains ap-
proximately constant in time; therefore also the deﬂection angle should remain
constant over the duration of the experiment. The strength of the cusp ﬁeld, and
resulting angular component of momentum, can be tuned by varying the length
of the coils and/or there twist angle . Morphologically this approach is identical
to the cusp ﬁeld variant of the experiment proposed by Ryutov (2010) and so not
only will allow for studying the hydrodynamic physics of the rotating plasma disc
but also the MHD eﬀects of a radial ﬁeld being enhanced, and becoming toroidal,
by the diﬀerential ﬂow; this is of course provided that the magnetic ﬁeld is frozen
into the plasma. Due to the relative straight forward nature of this set-up and
the MHD implications this is the approach to studying accretion physics that is
taken in this work.
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Figure 1.9: Diagram showing a standard shock in the shock frame i.e. the shock
is at rest. In this frame the upstream ﬂow moves at the shock velocity
us =  u1.
1.6 Basic Principles of Shocks in Gases
A topic which has only been indirectly mentioned in any of the previous sections,
but which is nonetheless relevant to this work, is that of shocks. Shock waves are
an ever present phenomena in nearly every high energy density experiment and
are widely observed in astrophysical environments. In experiments a shock can
be produced by such things as a pressure change at a gas boundary, for example a
piston, or through the collision of two materials. In a z-pinch context shocks can
form, depending on the collisionality of the material, through the interaction of
ablation ﬂows in the experiment. In astrophysics a shock is typically produced by
some extremely fast, sudden, event; for example the core bounce in a supernova
explosion. In the following only hydrodynamic shocks are considered however
there are many astrophysical systems and laboratory experiments which explore
magnetised or radiative shocks.
1.6.1 Shock Jump Conditions
A shock wave travelling through a ﬂuid does three things: it carries energy at
the, supersonic, shock velocity; it imparts kinetic and thermal energy to the ﬂuid
it moves through; and it heats the ﬂuid behind the shock such that the motion
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of the shock wave is subsonic relative to the new ﬂuid state - this means that
changes behind the shock are communicated to the shock front at the new, higher,
sound speed. In the laboratory frame, in which the upstream ﬂuid is at rest, the
shock travels as a discontinuity across which the state of the ﬂuid changes. It is
often easier however to work in the shock frame, in which the shock is at rest,
where the upstream material ﬂows into the shock at the shock speed us =  u1
and the downstream material moves away from the shock at the lower speed u2;
this is shown by Figure 1.9 in which the material moves right to left. In general
the subscripts 1 and 2 are used to describe the parameters of the upstream and
downstream ﬂuids respectively.
If we continue with the hydrodynamic description of a ﬂuid provided by the
Euler equations (section 1.3.1) then we can consider the response of such a ﬂuid
to a planar disturbance/shock front. This is achieved by integrating the Euler
equations across the small region that makes up the shock front, i.e. from x1 to
x2. As the Euler equations are in essence all continuity equations then they can
be written in the conservative form (Drake, 2006)
@
@t
Q +r   Q = SQ; (1.32)
whereby the change in density, Q, of a quantity Q is determined by the ﬂux,  Q,
of that quantity and the net sources of the quantity, SQ. Applying the integral
to the conservative form equation yields
 x2
x1
@
@t
Qdx
0 =
 x2
x1
@
@x
 Q
 
x0

dx0 =  Q (x2)   Q (x1) ; (1.33)
from which the left hand side approaches zero as x2   x1 approaches zero but
there is no requirement for the ﬂuxes to do so. As x2   x1 ! 0 the ﬂuxes tend
towards  Q (x2) =  Q(x1). Therefore applying this result to the three Euler
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equations gives the jump conditions for a shock,
1u1 = 2u2; (1.34)
1u
2
1 + p1 = 2u
2
2 + p2; and (1.35)
1u1

1 +
u21
2

+ p1u1

=

2u2

2 +
u22
2

+ p2u2

; (1.36)
in one dimension. (The velocity notation has changed from v to u to distinguish
velocities in relation to shocks as opposed to any other velocity in the ﬂuid.) In
general however the velocity, u, and pressure gradient, rp, are vector quantities
and therefore can have components transverse to the shock propagation. In many
cases, for example a single shock with a planar surface, it is possible to choose the
reference frame such that the transverse motions are eliminated and the problem
is one dimensional; however this isn't always possible and leads to the concept of
oblique shocks discussed shortly.
The Euler equations only describe a ﬂuid transition if the shock front has inﬁn-
itesimal width. This is perfectly reasonable for a theoretical discussion however
physical ﬂuids have viscosity which will act to broaden the shock front and make
the change of state a gradual process. Provided these eﬀects are only important
near the shock front then the jump conditions just presented are still valid for
determining the ﬂuid parameters far away from the shock.
These jump conditions are perfectly useful for analytical or numerical simu-
lations however they can be adapted to provide much more intuitive forms for
experiments. It is useful to assume the material behaves as a polytropic gas,
as in 1.3.1, whereby the equation of state is  = p=( 1). The  here is the
shock gamma, or polytropic index, and it is important to note that this can
diﬀer greatly across a shock. Substituting equation (1.34) into equation (1.35)
provides, after inputting the polytropic equation of state and rearranging, the
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density ratio in terms of the pressures and adiabatic index,
2
1
=

p2(2 + 1) + p1(2   1)
p1(1 + 1) + p2(1   1)

(1   1)
(2   1) : (1.37)
This is called the compression ratio and if 1 = 2 then the indices can be
dropped and the last term cancels. If the pressure diﬀerence becomes such that
p2  p1 then, for a common , the compression ratio approaches
2
1
=
 + 1
   1 ; (1.38)
which represents the physical limit that can be produced by a single shock; shocks
approaching this value are termed strong shocks. For an ideal gas with   5=3
the maximum achievable density ratio is 4 to 1 however if the shocked material
has a large internal energy, for example an ionising material, then 2 can be much
larger representing a lower  and a larger density jump.
From an experimental perspective it is often useful to relate the properties of
the upstream and downstream materials through the use of the upstream Mach
number; this is the ratio of the rate at which the upstream ﬂuid and shock
approach relative to the upstream sound speed. When working in the shock
frame, or with a single shock in the laboratory frame, then us =  u1 such that
the upstream Mach number Mu =  u1=cs1 = us=cs1. Using the sound speed for a
polytropic gas the Mach number becomesMu = us
p
1=(1p1) and the compression
ratio (1.37) can be written
2
1
=
M2u( + 1)
M2u(   1) + 2
: (1.39)
As the Mach number increases to become very large the ratio approaches the
limit seen in equation (1.38); i.e. the system approaches the strong shock limit.
The shock jump conditions, (1.34) and (1.35), and compression ratio (1.37)
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Figure 1.10: Geometry for oblique shocks.
can also be rewritten to obtain a useful expression for the shock temperature
(Drake, 2006). Taking the pressure of the downstream material to be p2 =
(Z2+1)kBT22=(Amp), where Z is the ionisation and T temperature and it is assumed
there is electron-ion equilibration, then in the strong shock limit the temperature
is given by
kBT2 =
Amp
(1 + Z2)
u2s
2(2   1)
(2 + 1)2
: (1.40)
1.6.2 Oblique Shocks
The geometry for experiments suggested in 1.5.2 indicate that we will likely be
analysing shocks in which there is a component of upstream velocity transverse
to the shock front. These types of shock are termed oblique shocks for which the
basic geometry of the problem is shown in Figure 1.10.
To account for the oblique nature of the shock we split the velocity into its
normal component, un, and its transverse component, u?; the technical deﬁnition
for un is n(u n) and for u?is (n u)n. The jump conditions (1.34), (1.35),
(1.36), stay essentially the same but are instead based around the normal velocity
un and an extra condition for the transverse velocity is introduced, u?1 = u?2.
This tells us that the transverse velocity is conserved across the shock and that
only the normal component of the velocity is responsible for changing the state
of the material. Therefore the normal component of velocity decreases across
the shock whilst the transverse does not resulting in a change in direction of the
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ﬂuid. Using the deﬁnition for the normal component u1 n = u cos1, where 1
is the angle of the upstream ﬂow to the shock (Figure 1.10), then the angle of the
downstream ﬂow to the shock (2) can be found to be
tan2 =
u?
un2
=
u?
un1
2
1
= tan1
2
1
= tan1
M2u( + 1)
M2u(   1) + 2
; (1.41)
where for the ﬁnal result the compression ratio for a polytropic gas, with corres-
ponding Mach number, has been used. Furthermore it is also possible to determ-
ine the degree at which the ﬂow has been deﬂected by the shock,  , deﬁned by
u1  u2 = u1u2 cos . Using the relation between 1 and 2 the deﬂection angle
can be found to be
cos =
[cos1 + sin1 tan1 (2=1)]p
1 + tan2 1 (2=1)
; (1.42)
which also implies that there is a maximum possible deﬂection that can be pro-
duced by a given shock; the magnitude of which depends on the density ratio.
The principle of oblique shocks and the resulting ﬂow angles was used extens-
ively in analysis by Swadling et al. (2013) to determine the Mach number of
aluminium plasmas in z-pinch experiments; the results of which have also been
used to aid the interpretation of shock structures in this work.
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The experiments reported on in this thesis were conducted at the mega Ampere
generator for plasma implosion experiments (MAGPIE) facility at Imperial Col-
lege London (Figure 2.1). This is a z-pinch device with a maximum current of
1.8 MA, although typically operated at 1.4 MA, which reaches peak current in
250 ns with a line/load impedance of 1.25 
; this is considered high on the scale
of pulsed power devices. This chapter presents a brief introduction into how the
generator works and how it produces a plasma from resistive heating of thin wires.
More speciﬁcally the physics of the cylindrical wire array z-pinch is discussed as
this forms the basis of the experiments presented in Chapter 4 and Chapter 5. In
principle however these experiments could be reproduced on any z-pinch machine
which allows for driving high inductance loads.
2.1 Producing a Current Pulse
MAGPIE is designed to have a high impedance (1.25 
) so that it can drive
current through essentially any load; the inductance of the load has very little
eﬀect on the current that is driven through it by the generator. With reference to
Figure 2.1 the general operation of the machine is as follows. The fourMarx banks
(1) are charged in parallel then discharged in series to charge each of the four
pulse forming lines (2). Each pulse forming line is then switched by a trigatron
(3) to deliver  350 kA (for a standard, 80% of max power, shot) into the vertical
transmission line (4); the total current upon combination is therefore 1.4 MA.
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Figure 2.1: Schematic diagram of the MAGPIE laboratory. Not shown are the
bays for the optical diagnostics which surround the X-ray shielding
(6) to observe the load chamber (5).
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5 µH
300 nH
5 Ω
5 Ω
1.25 Ω
2.8 Ω
54 nF
1.5 MV
100 ns
65 ns
13 ns
Load
Marx Bank
PFL Switch
Oil
Deionised
Water
Vacuum
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Figure 2.2: Simpliﬁed equivalent circuit for MAGPIE discharge from a single
Marx and PFL into the VTL and load. The circuit is overlaid on
a 2-d schematic of MAGPIE to provide context for the components.
Standard circuit symbols are used and the cylindrical sections depict
coaxial current.
This current is then passed through the magnetically insulating transfer line, or
MITL (5), and focussed through the load; the dynamics of a cylindrical wire array
as the load are discussed in the next section. A more technical description of this
can be provided by a simpliﬁed equivalent circuit diagram for the generator shown
in Figure 2.2. The key components of the pulse forming process are discussed in
further detail below; and also Mitchell et al. (1996).
2.1.1 Marx Banks
The MAGPIE facility incorporates 4 oil ﬁlled Marx banks which each house
24, 1.3 F, capacitors in four columns of six. The capacitors are arranged in
pairs connected by gas ﬁlled spark gaps; the gas used to hold oﬀ the voltage
across the gap until discharge is SF6. The pairs are aligned across the switch
such that the positive side of one faces the negative of the other as shown by
the charge/discharge circuits in Figure 2.3. The charging circuit is shown by
Figure 2.3a whereby the capacitors are charged in parallel, positive to negative
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Figure 2.3: Circuit diagrams for (a) charging the Marx bank and (b) discharging.
Adapted from Burdiak (2012).
across a switch, through a series of charging resistors connected to a mode-locked
power supply; in typical operation the charging voltage is set to Vcharge = 65
kV. The total energy stored in each Marx bank is therefore 24 times the energy of
each capacitor, E = 1=2CV 2charge where C is capacitance, which gives an individual
Marx energy of 66 kJ and a total MAGPIE energy of 264 kJ (4 66 kJ).
Discharge of the capacitors is achieved by the simultaneous triggering of each
spark gap by a pulse from a single trigger Marx. The trigger Marx supplies a
voltage of 300 kV to provide the spark. The triggering of the spark gap causes a
dielectric breakdown between the switch electrodes which creates a current path
between the capacitors. The conductivity of this new path is much greater than
that through the charging resistors and therefore the capacitors discharge in series
as in Figure 2.3b. The total capacitance of the bank is given by CMarx = C=N = 54
nF (N = 24 capacitors) and the total output voltage given by VMarx = NVcharge =
1:5 MV. This output is used to directly charge the pulse forming line before the
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voltage is switched into the vertical transmission line.
2.1.2 Pulse Forming Lines
The pulse forming lines, as the name implies, are the component of the generator
that determine the shape and timing of the pulse that is eventually transmitted
to the load. They take the energy from the Marx banks and compress it in
time. Each PFL is a large coaxial cable (rinner = 0:24 m, router = 0:5 m), ﬁlled
with deionised water, which is 3.3 m in length with an SF6 spark gap switch
separating it from the vertical transmission line. Deionised water is used because
it slows down the transmission of the ﬁnal voltage wave through the PFL, as
cwater = clight=water (water  9), such that the transit time for a 3.3 m line is
approximately 100 ns; it also provides a resistivity > 104 
m which prevents
breakdown from the inner to outer surface.
The PFL's are an intermediary store of the energy from the Marx banks and
the energy is transferred as a discharge of the capacitance of the Marx into the
capacitance of the PFL. The capacitance of the PFL is determined by its length,
which dictates the pulse transit time  , and its coaxial diameter, which determines
it impedance Z. The impedance of the PFL's is 5 
 and the transit time 100 ns
which gives a capacitance CPFL = =Z = 20 nF. The charge time of the PFL's
and the transferred voltage are then given by (Mitchell et al., 1996)
tcharge = 
r
LMarxCPFLCMarx
CPFL + CMarx
and, (2.1)
VPFL =
2CMarxVMarx
CPFL + CMarx
; (2.2)
which for the capacitances and Voltage above, and a Marx inductance of 5 H,
gives a charge time of 850 ns and a line voltage of ' 2:2 MV; the increase in
voltage from the Marx banks to the PFL is known as ring-up.
The spark switch at the end of each PFL is simply a larger version of the gas
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switches used in the Marx banks. The switch is closed/triggered by a trigatron
after a suﬃcient length of time has passed for the PFL to charge; typically  1
s. When the switch is closed the PFLs discharge into the vertical transmission
line (VTL) which is impedance matched to the four PFLs, Z = 1:25 
, such that
the maximum amount of energy is transferred. The consequence of impedance
matching is that half the charge voltage is lost. This is because when the switch
is closed a pulse of VPFL=2 is launched into the VTL however a pulse of equal
voltage is also reﬂected into the PFL. The reﬂected wave is in phase with the
forward travelling wave depleting it of half its voltage over the transit time  .
Upon reaching the join with the Marx bank the impedance mismatch causes the
wave to reﬂect, with essentially zero transmission into the Marx, resulting in the
rest the charge travelling back along the PFL and into the VTL. Thus the output
voltage of the PFL is theoretically held at VPFL=2 for a duration of 2 . This voltage
is what drives the MAGPIE current through the vertical transmission line and
load and, as both the voltage and inductance are constant, will drive a linearly
rising current
dI(t)
dt
=
V
L
: (2.3)
The voltage transfer is however not quite perfectly VPFL=2 at all times, partic-
ularly at the front and tail ends of the pulse. Therefore the current rise isn't
entirely linear and instead the MAGPIE current is more accurately described by
(Burdiak, 2012; Mitchell et al., 1996)
I(t) = I0 sin
2

t
2trise

; (2.4)
where I0 is the peak current and trise = 250 ns is the time to reach peak current;
known as the rise-time of the pulse.
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Figure 2.4: MAGPIE load section showing the MITL, diode stack, and vacuum
chamber for the load. The yellow (dashed) arrows show the current
path.
2.1.3 Transmission to the Load
The function of the vertical transmission line is to combine the pulses from the
four PFLs and deliver the pulse to the load. The PFLs feed into the VTL at angles
of 100 and 80. The length of the transmission line was designed such that it is
suﬃciently long for the pulses to combine and lose any azimuthal variation which
would arise from combining pulses from diﬀerent directions. The transmission
line has a 2 m outer diameter and 1.6 m inner and is ﬁlled with deionised water.
The MAGPIE load section, shown in Figure 2.4, is an  50 cm structure situ-
ated on top of the VTL that serves to focus the current pulse into the load. A
secondary function, but no less important, is to provide an interface between the
deionised water in the VTL and the vacuum chamber, for the MITL and load,
through an insulating diode stack.
Focussing of the current is achieved through a conically shaped magnetically
insulating transmission line (MITL). The conical nature concentrates the pulse
from the 1.6 m diameter of the VTL to the 1 - 2 cm diameter typically used
for MAGPIE loads. The MITL incorporates both the cathode and anode of the
chamber, with a small vacuum gap in between, which is self insulating provided
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that the current is large enough for the generated magnetic ﬁeld to give an elec-
tron gyro-radius/cyclotron orbit less than the gap. The bulge of the anode section
of the MITL serves to protect the diode stack from radiation emitted by the load.
The experimental load is ﬁxed to the top of the MITL cathode, typically
through some adjoining parts rather than directly, which is also part of the va-
cuum chamber. The load is typically designed to sit vertically on the MITL with
a concentric current return system; recently however work has been carried out
to investigate horizontally aligned loads (Swadling et al., 2014a, 2015). The total
inductance of the generator is large which means that the inductance of the load
can generally be quite large as well without aﬀecting the current pulse. This
allows for a set-up in which the current return path is far away from the load
to improve the diagnostic access to the experiment. This is further aided as a
large return radius means that the current return path can have a low number
of (azimuthally symmetric) discrete routes, rather than a continuous cylinder for
example, without adversely aﬀecting the current ﬂow.
It is common for MAGPIE experiments to use a 4 post return system at a radius
of 8 cm from the load which can be orientated at any angle to allow unfettered
diagnostic access through the 16 diagnostic ports on the MAGPIE load chamber.
Around 2 of the return posts are placed oppositely aligned Rogowski coils which
measure the rate of change of magnetic ﬂux as current ﬂows through the posts.
These coils are therefore used to determine the time at which the MAGPIE
current reaches the load measured relative to the initial discharge of the trigger
Marx.
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Figure 2.5: (a) 2-d diagram of a cylindrical wire array. (b) General stages of the
evolution of a cylindrical wire array implosion adapted from Lebedev
et al. (2001a). The radius is normalised to the cylinder radius and
time to the implosion time of the experiment (when all mass is on the
axis).
2.2 A Typical Load: The cylindrical wire array
Z-pinch
The above section details the processes through which the MAGPIE facility gen-
erates a 1.4 MA current in a rise time of 250 ns. The main feature of the ex-
periment however is the apparatus used to connect the cathode to the anode
(Figure 2.4); described previously as simply the load. The loads used to produce
the experiments reported in Chapter 4 and Chapter 5 are based on an adaptation
a simpler experimental set-up known as a cylindrical wire array z-pinch.
The general set-up for a cylindrical wire array experiment, shown in Fig-
ure 2.5a, is for the cathode to connect to an anode plate, at some height above
the top of the MITL, through a number of thin metallic wires arranged in a
cylinder with the centre of the MITL as the axis; the separation of the wires is
20-100 times their diameter depending on the speciﬁc experiment. The current
path is closed by a number of return posts connecting the anode plate to the
MITL anode which are cylindrically concentric with the wire array. The basic
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evolution of the wire array in such an experiment can be split into a number of
stages as shown in Figure 2.5b; plots of the radial evolution are sometimes more
generally termed the implosion trajectory. The initial phase of the experiment is
the resistive heating of the wires by the fast rising current which heats the wires
to boiling point in only a few nanoseconds. As the current ﬂows mostly through
the surface of a wire a low density coronal plasma is formed which surrounds
the cold dense core of the wire. The wire plasma has a heterogeneous structure,
which can be MHD unstable, and is discussed in further detail below. The cur-
rent ﬂow through the array forms a global toroidal magnetic which accelerates
the coronal plasma through the Lorentz force J  B towards the axis forming a
precursor plasma. These ﬁrst few stages are known as the ablation phase of the
experiment, as coronal plasma is gradually ablated away from the wire surface
towards the axis, and it is this stage that is studied in this work. During the later
stages of the experiment a typical wire array plasma will undergo development
of Rayleigh Taylor instabilities, the initial conditions for which are seeded during
the ablation phase, and the eventual stagnation on the axis (implosion) of the
remaining wire mass which produces an X-ray pulse.
2.2.1 Core-Corona Structure of the Plasma
As a wire is heated by the current ﬂow it expands due to thermal pressure be-
coming several times larger than its initial thickness (Figure 2.6). As the current
ﬂows mostly through the outer surface of the wire, resulting in preferential heat-
ing of the surface, the surface vaporises to form a hot plasma corona (temperature
 30 eV, ionisation 5-6) which surrounds the cold dense core of the remaining
wire (Figure 2.6 and also Figure 2.8). Only a small fraction of the wire mass ini-
tially forms the plasma corona which results in a rapid acceleration of this plasma
towards the axis due to the Lorentz force. The majority of the current is in the
coronal plasma however as the plasma ablates away from the cores the electrical
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Figure 2.6: Diagram showing the thermal expansion of a wire to form a (cool)
dense wire core surrounded by a (hot) plasma corona. The corona
has axial perturbations as discussed in section 2.2.2.
energy is transported to the surface of the wire cores. This provides for further
ablation of the wires and the formation of a steady ﬂow of coronal plasma with
dm=dt / I2 (Lebedev et al., 2001a,b); see section 2.2.3.
Studies of the core-corona structure in wire array z-pinches have been conduc-
ted using X-ray backlighting of the wires (Lebedev et al., 2001a) and numerical
simulations (Chittenden et al., 2001). The uniformity of the wire cores is highly
dependant on the wire material used. For example in titanium wire experiments
small scale structures can develop which are greater than 50% of the initial
wire diameter whereas for Aluminium wires, which are used in this work, there
are no such structures and the wire core is highly uniform. The size of the wire
cores is also dependant on material, for Al the core size is  0:25 mm, which is
independent of the number of wires in the array and therefore the total current
through each wire. The expansion of the cores is also not symmetric about the
initial wire position as there is a preferential expansion towards the array axis,
presumably due to the Lorentz force, and the inner boundary of the core is less
deﬁned than the outer due to the streaming of wire material towards the axis.
The wire cores remain uniform, with almost zero radial displacement, until
approximately 80% of the implosion time of the experiment. After this time gaps
in the cores begin to form and the remaining wire mass starts to be swept towards
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the axis in a snowplough eﬀect. There is however a caveat to this when the wires
are over massed. For an experiment with over massed wires the MAGPIE current
is not large enough to fully vaporise the wires so there will be no wire breakage
and the experiment will never implode; it is particularly common to use this
technique in z-pinch simulations of experiments in which the implosion is not a
consideration, for example Bocchi et al. (2013a,b).
2.2.2 Axial and Radial Distribution of the Plasma
Whilst the wire cores of an aluminium plasma are uniform the process of ablation
and streaming of the coronal plasma towards the axis is not uniform along the
length of the wires. The results of many z-pinch experiments show that the
coronal plasma develops instabilities which manifest as a quasi-periodic structure
along the length of the wire (Figure 2.6). The instability pattern around each wire
is not axially symmetric, due to the J  B force sweeping material towards the
axis, and there is no correlation in the axial positions of the maxima and minima
on diﬀerent wires. For aluminium wires the wavelength of these modulations is
 0:5 mm and this remains constant until the implosion phase of the experiment.
The wavelength of this perturbation does depend on the wire material but is
otherwise unaﬀected by changes such as the number of wires in the array or the
initial diameter of the wires.
The source of this instability is analogous to the m=0 (sausage) or m=1 (kink)
mode instabilities observed in single wire implosions. It arises due to the sweeping
of coronal plasma from the outer edge, furthest from the axis, around the dense
core to the inner edge. It is therefore the size of the region in which formation
and acceleration of the coronal plasma takes place that determines the develop-
ment and characteristic frequency of the instability; the frequency and therefore
wavelength being based on the transit time.
The axial non-uniformity of the ablation streams towards the axis indicates
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Figure 2.7: Radial density proﬁles of the ablation streams from Aluminium
plasma. Reprinted with permission from Harvey-Thompson et al.
(2009).
a variable level of ablation from the wire cores which leaves an imprint on the
mass distribution in the wires. This variation in mass acts as a seed for the
development of Rayleigh Taylor instabilities however these are only observed
from approximately 80% of the implosion time after which the remaining wire
mass is accelerated toward the axis. R-T instabilities do not appear to manifest
on the precursor plasma at early times during the experiment i.e. during the
ablation phase.
Not only is R-T not an issue during the ablation phase of the experiment but
the presence of discrete plasma streams, as opposed to an axially uniform ﬂow,
does not adversely aﬀect the formation of the precursor plasma. This is because
the ablation streams smooth out as they propagate away from the wire core as
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Figure 2.8: Diagram showing ablation from the plasma corona due to JB force.
shown by Harvey-Thompson et al. (2009) from which Figure 2.7 is reproduced.
The density of the plasma close to the wire, i.e. the corona, is very high although
it decreases rapidly until  1:8 mm from the wire. In this region there is a very
clear diﬀerence between measurements of the plasma density within an ablation
stream and in the space between two streams. The contrast between stream
measurements from a GORGON simulation are even greater. At large radii
however, & 3 mm, there is no experimental diﬀerence between the in stream and
between stream measurements; or at the very least the diﬀerence is unresolvable.
The GORGON simulation predicts a small variation however this is signiﬁcantly
reduced compared to the < 3 mm result and is almost the same far away from
the wire.
2.2.3 Plasma Ablation Rate
As stated previously the wire cores are not acted on by the J B force and are
in fact stationary for much of the experiment. Instead the Lorentz force only
accelerates a small fraction of the mass which is in a coronal sheath surrounding
the core; this situation is demonstrated in Figure 2.8. The current is concentrated
in the surrounding sheath which provides continuous ablation from the surface of
the core and the acceleration of the produced plasma to the axis. If it is assumed
that the region through which current ﬂows is small, and that the plasma ablates
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without current (which is true for Rem . 1), then the plasma leaving the current
layer will move without further acceleration at a constant velocity vabl. This
velocity can then be related to the rate of mass removal from the cores (per unit
length) through momentum balance to give (Lebedev et al., 2001b)
vabl
dm
dt
=   0I
2
4R0
; (2.5)
where R0 is the radius of the wire array. The left hand side of equation (2.5) is
the derivative of the momentum in the plasma ﬂow leaving the current carrying
plasma sheath. This equation can then be integrated to ﬁnd the ablated mass
m(t) over some time length t to give
m(t) =
0
4vablR0
 t
0
I2dt; (2.6)
where I is given by equation (2.4) and provided that the ablation velocity is
known.
This description of mass ablation provided by a constant velocity is known as
the rocket model and equation (2.5) as the rocket equation. The rocket model can
be rewritten in terms of density as (Harvey-Thompson et al., 2009; Hall et al.,
2013)
neL (r; t) =
0Z
4v2ablNwAmpR0

I

t  r  R0
vabl
2
; (2.7)
where ne is the electron density (measured in Figure 2.7), L is the length of a
wire, Z is ionisation, Nw is number of wires, A is the atomic number, mp the mass
of a proton and r the radial position measured from the axis. This can then be
ﬁtted to density measurements of ablation streams as shown in Figure 2.7. The ﬁt
shows an ablation velocity of 1 107 cms 1 however more generally the ablation
velocity for aluminium has been directly measured to be as large as 1:5  107
cms 1. The ablation velocity is a largely phenomenological parameter as it is
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largely independent of the generator current, array diameter, or current rise time.
It does however depend on the wire material and the number of wires/inter-wire
separation.
The ﬁt in Figure 2.7 does not however accurately capture the initially high
density near the wire and steep decrease in density in the range 0:5 < r . 2 mm.
This trend is indicative of a slower moving plasma accelerating outward under
the J  B force which suggests that the current carrying region is larger than
previously assumed. The rocket model assumes that the current layer is small,
and that ablation is described purely by momentum balance, and as such does
not account for this acceleration. For most experimental discussions however
we are not typically concerned with the description of the ablation ﬂow so close
to the ablating wires. As such equation (2.5), or (2.7), is perfectly suﬃcient to
understand and interpret the ablation dynamics.
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The MAGPIE load chamber has 16 side-on view ports (although 1 is used for
the vacuum pump) and 1 end-on port available for diagnostic access to the
plasma/experiment; for a standard cylindrical experiment the side-on diagnostics
probe the (r; z) structures and the end-on (r; ) structures. The vacuum (load)
chamber is  80 cm in diameter while the VTL structure on which it sits is  2
m diameter. The space on-top of the VTL is used for mounting optics (for ima-
ging diagnostics) or additional components directly to the chamber (for example
the XUV camera). The chamber is itself enclosed by a thick iron X-ray shield
(Figure 2.1 on page 62) which protects the surrounding laboratory from the X-ray
pulse generated by a Z-pinch implosion. The X-ray shield also has view ports to
allow the main components of each diagnostic, i.e. the cameras and triggering
mechanisms, to be housed in Faraday cages which surround the shield.
The choice of diagnostic is obviously dependent on the required information and
therefore not every diagnostic is ﬁelded on a single experiment; although there is
usually a drive to ﬁeld as many relevant diagnostics as possible simultaneously
(this is aided by the number of access points). The following sections detail the
diagnostics which are relevant to the experiments presented in the later sections
of this thesis.
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3.1 Observation of Self-emission
Self emission generally applies to any radiation emitted by the plasma as a result
of internal processes however in the context of this work we limit this to meaning
thermal emission from the plasma. The temperature of the plasma determines the
wavelength(s) of the emission in a similar sense to blackbody radiation (although
it should be noted that a z-pinch plasma is almost never an ideal blackbody) and
diﬀerent diagnostics can be used to observe emission due to diﬀerent temperat-
ures. The initial source of heating is the current pulse ablating the wire material
which allows for observation of the ablation ﬂows from a cylindrical wire array.
Secondary sources of heating are interactions in the precursor plasma and shocks
in the system which allow for the plasma dynamics resulting from the ablation
to be observed.
Observation of the plasma self-emission is typically used to analyse the overall
temporal evolution of the experiment. A typical z-pinch experiment lasts on the
order of the current rise time, 250 ns, so in order to make useful observations
we require cameras with very short exposures (nanoseconds) and incredibly high
frame rates (>20 M frames/second); the trade-oﬀ for such as fast frame rate
however is a limitation on the number of frames which can be captured.
3.1.1 12 frame optical camera
The 12 frame optical camera, as implied by the name, observes emission in the
visible spectrum. More-so than any other diagnostic this is used for general
observation of the temporal evolution of the experiment. In typical operation
the camera takes 12 images at 5 ns exposure each with 20 ns between frames.
Both the inter-frame and the exposure time are however variable and can be
altered to provide images over any temporal domain. A smaller exposure time
provides a corresponding improvement to the resolution of the image as there will
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Figure 3.1: Ray diagram of a general two lens system used for 12 frame imaging.
P is the pinch, I the image plane (for the a; b system - object plane
for c; d system), and C the camera.
be less blurring from the dynamical nature of the plasma. Exposures less than 5
ns have been attempted however the camera has been found to be inconsistent
at recording data at such low exposures and also somewhat insensitive to the
reduced intensity; 5 ns is therefore the minimum exposure that can be achieved
with this diagnostic.
Like nearly every MAGPIE diagnostic the 12 frame camera can be aligned to
observe the experiment either side-on to the experiment or end-on. In an end-on
conﬁguration the ﬁrst optic in the system can either be a beam splitter placed
above the experiment (this is typically to allow simultaneous laser probing, if
not a mirror could be used) or a mirror placed below the experiment. The
beneﬁt of the former is an independent optical path for the diagnostic and ease
of set-up. The latter has the beneﬁt of leaving the top of the chamber clear
providing a greater intensity for end-on laser probing beams, at the expense of
more convoluted optical paths to ensure laser light doesn't damage the 12 frame
camera, or for simultaneous use of an end-on mounted XUV camera.
Although the exact lenses used diﬀer for each orientation, in particular the
end-on requires a telescopic extension to bring the optical path back down to the
table height, the general set-up for both follows a two lens imaging system as
shown in Figure 3.1. From Figure 3.1 the magniﬁcation of the pinch to the ﬁrst
image plane I is MPI(= b=a) and from I to the camera isMIC(= d=c). The image
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size at plane I is therefore P MPI and at C is I MIC resulting in a total image
size at the camera of
C = P MPI MIC : (3.1)
This two lens imaging system allows for ﬂexible control of the image resolution
and it is therefore a common set-up used for many other diagnostic imaging
systems as well.
3.1.2 XUV pinhole camera
Plasmas produced by z-pinch experiments (or other high energy density experi-
ments) are characterised by high densities and high temperatures. Whilst some
emission is in the visible spectrum, imaged using the above technique, much of
the emission will be in the ultraviolet (E  10 eV), extreme ultraviolet (XUV,
E 10 - 100 eV), soft X-ray (E 100 - 1000 eV), or during stagnation hard
X-ray (E  1 keV) regimes. An alternative to optical imaging therefore is to
image these high energy (low wavelength) X-ray emissions using an XUV pinhole
camera. Like optical imaging XUV imaging is often useful for understanding
the global dynamics/evolution of an experiment however as it only detects hot
plasma it can, more interestingly, be used to produce good resolution images of
the most interacting (hottest) parts of the plasma.
The premise for a pinhole camera is rather straight forward as demonstrated by
Figure 3.2. Emission from a plasma object of size Sobj is restricted to propagating
through a small pinhole of size sph at distance p from the plasma. This can be
imagined as focussing of the emission such that it is then re-expanded onto a
detector with an image of size Sim. Provided that the pinhole is suﬃciently small
the image size will simply be a magniﬁcation, M = q=p, of the object such that
Sobj = M  Sobj.
There are two factors that determine the resolution of a pinhole camera (Bland
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Figure 3.2: 3 dimensional ray diagram for a MAGPIE XUV pinhole camera. The
MCP is split into 4 segments to image the object through a concentric
array of 4 pinholes. Baes are used to prevent images overlapping.
Only 1 bae is required, or none at all, depending on the speciﬁc
set-up for a particular experiment.
et al., 2004), the geometric resolution and the diﬀraction limit, both of which can
be thought of as the smallest size object which will converge to a point on the
detector. The geometric resolution of the system is given by
geo = sph(1 +
1
M
); (3.2)
and the diﬀraction limited resolution by
diﬀ = 1:22
p
sph
; (3.3)
where  is the wavelength of the emitted photon. The best resolution possible
is achieved when the geometric resolution equals the diﬀraction limit. Equat-
ing (3.2) and (3.3) yields an equation dependant on sph, p, and q however for
81
3 Relevant Plasma Diagnostics
magniﬁcations close to 1, i.e. p  q, the result becomes (Young, 1971)
s2ph ' 0:61p; (3.4)
which implies there is a minimum resolvable wavelength for a given pinhole size
dependant only on the object to pinhole distance; often referred to as the focal
length of a pinhole camera.
To detect the XUV emission the pinhole cameras use a micro-channel plate
(MCP). The ﬁrst layer of this plate is an array of micrometer sized (silica) cathode
tubes which absorb photons and convert to electrons. The second layer is a
phosphor plate separated from the tubes by a small gap. A large voltage,  6
kV, is applied between the near side of the cathode tubes (closest to the pinholes)
and near side of the phosphor. This accelerates the electrons through the tubes,
to produce further electrons through an avalanche cascade thus increasing the
signal, and onto the phosphor. The phosphor layer produces optical photons
when hit by the electrons which are then imaged onto either a CCD (as part of
an SLR camera) or optical ﬁlm. The exposure time onto the ﬁlm/CCD is  3
ns providing a better temporal resolution than can be achieved using the optical
framing camera.
The MCP's on MAGPIE's XUV camera(s) are split into 4 sections correspond-
ingly aligned with a 4 pinhole array as demonstrated in Figure 3.2. As the MCP
doesn't produce a signal until a voltage is applied a time delay can be introduced
to the frames by varying the length of cable carrying the voltage. A typical time
delay used is 30 ns due to the limited number of frames available although a
second camera can be used to provide a total of 8 frames; this is only an option
for side-on observation however. Operating 4 frames on a single pinhole camera
leads to the possibility of image overlap depending on the size of the object being
imaged and the separation of the pinholes. Therefore in many set-ups a bae is
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Figure 3.3: Photon transmission curve through 2 m Polycarbonate (Henke et al.,
1993). The labelled points correspond to peak photon emission from
a blackbody of the following temperatures: (a) 20 eV; (b) 56 eV; (c)
71 eV; and (d) 109 eV.
required to prevent this overlap with its size and shape determined by the pinhole
arrangement and on which side of the pinholes it is placed.
As with optical imaging the MCP cameras can be orientated either side-on
or end-on to the experiment. The orientation of the camera can however have
implications for the photon detection and resolution, through equations (3.2)-
(3.4), due to the dimensions of the vacuum chamber. The minimum photon
energy detectable is dependent on the construction of the MCP, in particular
the cathode tubes, which for the MAGPIE cameras is  7 eV (Bland et al.,
2004) corresponding to a wavelength of  178 nm. In a side on conﬁguration
the pinholes are typically  50 cm from the plasma however end-on this can
be much shorter at  30 cm. Using equation (3.4) and given that the typical
pinhole size is 100 m then, depending on the conﬁguration and exact distance
to pinholes, the minimum detectable photon energy is actually much higher,
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between approximately 20 eV and 40 eV. Equation (3.4) also demonstrates that
by using a smaller pinhole lower energies, and therefore lower temperature plasma
features, will not be resolved which opens up the possibilities for investigating
higher temperature structures. The caveat to reducing the pinhole size is a
reduction in total number of transmitted photons and therefore lower intensity
at the detector. It is somewhat easier to investigate higher temperature using
ﬁlters placed over the pinholes which restrict the transmission to certain energy
ranges. An example of this is shown in Figure 3.3 for 2 m thick polycarbonate;
this ﬁlter is used to produced some of the results in later chapters.
3.2 Laser Imaging
Laser imaging is one of the primary sources of quantitative data for Z-pinch
experiments. Whereas self emission imaging is useful for general dynamics and
temporal evolution laser images provide a snapshot of the plasma at a single
moment in time. The laser imaging on MAGPIE is provided by a single 500
mJ Nd:YAG laser with a pulse width of 0.4 ns. The natural 1064 nm operating
wavelength is either frequency doubled or tripled to provide diagnostic beams
operating at 532 nm (green light) and 355 nm (UV). The lasers are recorded
onto CCD's using Canon SLR cameras which are set to an exposure time of
1.3 seconds. This is deliberately much longer than the time-scale of an entire
experiment as the exposure of the plasma is determined only by the pulse width
of the laser. The time at which the laser passes through the plasma is measured
using optical diodes placed near the input or output port of the chamber; the
diode is either located in an unimportant part of the beam or in the path of an
optical reﬂection.
The 532 nm beam is split into 3 paths, 2 to provide side on imaging and
1 end-on, while the 355 nm is only used for end-on imaging; we can therefore
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make a total of 2 side on and 2 end on measurements per experiment if required.
The green and UV beams are joined before the chamber and then split after it
using dichroic beamsplitters and the images are protected from exposure to the
wrong wavelength by ﬁlters. Time delays built into the optical paths allow for
each beam line to probe the plasma at a diﬀerent time. The side-on lines are
separated by 20 ns and the end on UV from the green by 30 ns; furthermore
the end on green line is set-up to probe at the same time as the later side-on
line for simultaneous orthogonal images. Each of the beam lines can be used to
produce simultaneous images of the plasma using interferometry, shadowgraphy,
and schlieren techniques as shown by Figure 3.4.
An obvious requirement for these diagnostics however is that the laser actually
propagates through the plasma. The propagation of em waves through a me-
dium is determined by the wave dispersion relation which depends on the wave
frequency (!), plasma density (ne) and temperature, and magnetic ﬁelds. In the
simplest case where the plasma has no magnetic ﬁeld the dispersion relation is
given by (e.g Muraoka and Maeda, 2001)
!2 = !2pe + k
2c2; (3.5)
where !pe =
p
nee2=me0 is the electron plasma frequency.
Beam frequencies with ! > !pe imply k2 > 0 which means that the em waves
can propagate through the plasma; in fact for very large frequencies, !  !pe,
the electrons are not inﬂuenced at all by the passage of the beam. In the opposite
regime however, where ! < !pe, then k2 < 0 and the beam cannot propagate.
The electrons respond to the incoming wave by oscillating at the same frequency
as it, creating an electron ﬂow on the surface of the plasma, which absorbs the
incoming radiation and re-emits it back along its initial trajectory; i.e. reﬂection.
For a plasma with density gradients, assumed for now to simply increase along
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Figure 3.4: Schematic diagram of the multiple beam lines used for laser imaging
diagnostics. The inset shows the alignment for end-on laser probing.
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the direction of beam propagation, the wave will initially penetrate the plasma
to a point where the density gives ! = !pe; i.e. k = 0. At this point the
refractive index of the plasma (= ck=!) is zero, known as the cut-oﬀ condition,
and the wave cannot propagate any further. The density at which this happens is
known as the critical density which is found from simply rearranging the plasma
frequency to give
nc =
!2peme0
e2
: (3.6)
From equation (3.6) we can therefore calculate the plasma densities that can
be probed using the MAGPIE laser to be nc(532 nm) = 4  1021 cm 3 and
nc(355 nm) = 91021 cm 3. This shows the UV beam can probe higher densities
than the green which is why it is beneﬁcial to have both along the same probing
path. It also highlights why the UV is either timed to be simultaneous or after
the green, never before.
In practice however MAGPIE wire-array experiments do not get to such high
densities; except for maybe during stagnation or near the ablating wires. Instead
the maximum probable density is determined by the acceptance angle of the
optics used to collect, and subsequently image, the probing beam. The acceptance
angle is essentially the ﬁeld of view of the imaging optics and it is possible for the
refraction angle of waves through the plasma to become larger than this angle.
Placing the initial collection lens closer to the experiment will increase this angle
and therefore the amount of refracted laser light collected. Doing so however
also increases the amount of self emission from the plasma (emitted at all angles)
that will be collected; the issue being that too much self emission will obscure the
laser signal. To reduce the self emission a spatial ﬁlter is placed at the focal point
of the ﬁrst collection/focussing lens of the beam path however this ﬁlter also has
the potential to restrict the acceptance angle. Therefore there is a balancing
act during set-up between restricting observation of self emission but maximising
collection of refracted laser light.
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Figure 3.5: Set-up for a Mach-Zehnder interferometer to produce interference
fringes.
The following sections go into further detail on how the properties of the plasma
can inﬂuence the beam propagation and how these eﬀects are used to image the
plasma and provided quantitative data.
3.2.1 Interferometry
When an em wave travels through a plasma, or any medium, it travels at a slower
speed compared to in a vacuum due to the refractive index of the medium. The
magnitude of the refractive index, and therefore the speed of light, is determined
primarily by the plasma density. The basis of interferometry is therefore to
measure the relative phase between an em wave which passes through the plasma
and one which does not to gain information on the density.
There are two types of interferometer, named after the scientists who invented
them; Michelson-Morely or Mach-Zehnder. The interferometers on MAGPIE
utilise the Mach-Zender technique as demonstrated by Figure 3.5. The laser is
split using a beamsplitter to produce a beam to pass through the plasma, called
the object beam, and one to pass around it, known as the reference beam. After the
two paths have travelled the same distance, to ensure there is no relative phase
measured between paths, they are recombined to produce a single beam travelling
towards the detector. If the recombination splitter is inclined in such a way as
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to produce a relative angle between the paths then an interference fringe pattern
will be produced. The type of fringes produced depends on the polarisation of
the laser; linearly polarised, as used on MAPGIE, yields straight (Fraunhoﬀer)
fringes and conversely circularly polarised circular (Haidinger) fringes.
During an experiment the fringe pattern is recorded twice, once before plasma
production to provide a reference image, and obviously once at the time during
the plasma/experiment evolution that is the focus of study. The fringe patterns
are then compared, and the amount the fringes have shifted measured, to calcu-
late the electron density using the following methods.
As the diﬀerence between the fringe patterns is purely a result of the refractive
index of the plasma then the change in optical path length can be categorised by
(Muraoka and Maeda, 2001)
L =

()dl; (3.7)
where l is the length of the plasma along the beam path and  is the change in
refractive index. In general the refractive index of a medium can be expressed as
a summation of the individual eﬀects from each particle species within it. For a
wave propagating at !0 through a plasma (with no magnetic ﬁeld) the dispersion
relation is given by equation (3.5) which can be used to determine the electron
component of the refractive index from  = kc=!. This gives
e =
"
1 

!pe
!0
2#1=2
; or (3.8)
e =

1 

ne
nc
1=2
; (3.9)
if written in terms of the critical density. This can further be simpliﬁed to e '
1  1=2 (ne=nc)2 provided that !0  !pe. Ignoring the contribution from neutrals
and ions, which are relatively small, then the simpliﬁed form of equation (3.9)
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can be substituted into (3.7) to give
L '  1
2

ne
nc
dl: (3.10)
This equation determines the amount of fringe shift there is for a given density
depending on the wavelength of the laser. By measuring the fringe shift it is
therefore possible to infer the electron density of the plasma. This is not as
straight forward as it sounds as the images produced (called interferograms), and
therefore the fringe shift, are two dimensional in nature. To analyse the resulting
interferograms a MATLAB program was written by Swadling et al. (2013) to
produce a two dimensional areal density map, and volume density if the length
is known, using an Abel inversion technique.
3.2.2 Shadowgraphy
Light travelling through a plasma will undergo refraction due to density gradients
in an analogous way to refraction at the boundary of two media with diﬀerent
refractive indices. Optical inhomogeneities within the medium will bend the light
in proportion to these gradients with the resulting curvature given by (Settles,
2001)
@2x
@z2
=
1

@
@x
;
@2y
@z2
=
1

@
@y
; (3.11)
where z is the direction of the light propagation and x; y is the orthogonal plane.
Integrating these equations provides the components of the angular ray deﬂection
in the x; y plane
x =
1


@
@x
dl; y =
1


@
@y
dl: (3.12)
Equation (3.11) provides the mathematical basis for shadowgraphy techniques
and demonstrates that this diagnostic is sensitive to the second spatial derivat-
ive in the plasma density. Closely related to shadowgraphy is schlieren imaging,
90
3.2 Laser Imaging
ε
Laser 
Source
Lens Spherical
Schliere
Screen
x
y
z
x
yBright
Figure 3.6: Observation of shadowgraphic eﬀects due to refraction from a dense
object (Settles, 2001).
based on equation (3.12), which is instead sensitive to the ﬁrst derivative in dens-
ity. The two diagnostics therefore make use of similar optical set-ups although
are useful for studying diﬀerent aspects of the plasma.
The advantage of shadowgraphy is in the ease of set-up which allows for
the large scale visualisation of plasma features without loss of beam intens-
ity/illumination. In general it is less sensitive to gradients than a schlieren image
however some circumstances can arise to make it more so; this can happen in
highly turbulent or shocked ﬂows where @2=@x2  @=@x. The simplest forms of
shadowgraphs are known as direct, or parallel, shadowgraphy whereby a collim-
ated laser (parallel wave-fronts) passes through the dense plasma and is imaged
onto a camera as shown by Figure 3.6.
In the example in Figure 3.6 the laser is probing a spherical object with a higher
refractive index than its surroundings. The refraction is strongest at the edge of
the sphere, where the gradients are greatest, and there is no refraction from the
surrounding medium or the centre of the object. The result is a bending of the
light towards the centre of the sphere such that the object acts like a focussing
lens. When viewed the shadow will appear as a dark circle, corresponding to the
edge of the sphere, inside which is a high intensity bright ring due to the refracted
rays; inside the ring the intensity gradually smooths towards the centre. In this
example the edges of the object are only visible due to the transverse variation in
91
3 Relevant Plasma Diagnostics
Collimated Laser
Plasma
S
lens lensApertureg
S*
Image Plane
Figure 3.7: Diagram for focussed shadowgraphy utilised on MAGPIE.
the refractive index resulting from the curvature. In general therefore any object
which has density gradients transverse to the beam can be observed through the
appearance of bright and dark sections.
The shadowgraphs produced on MAGPIE utilise a slightly more complex set-
up known as focussed shadowgraphy as shown by Figure 3.7. It is essentially
parallel shadowgraphy, as just discussed, but with additional optical elements to
magnify the image. The focussing optics are set-up to image the plane S which
is aligned to the centre plane of a plasma/object. The shadow eﬀects described
above are formed over the depth of focus of the lens g which are then magniﬁed
and imaged at S*. The advantage of such a system is two fold. Firstly being able
to magnify or demagnify the image is a useful control mechanism that allows
ﬂexibility during experiments. Secondly it allows for easy switching between
shadowgraphic and schlieren techniques. For shadowgraphy the aperture is left
mostly open but closed enough to limit imaging of the plasma self emission. To
cause schlieren eﬀects to dominate the aperture size can be set very small to
produce light ﬁeld schlieren. Alternatively the aperture could be replaced with a
beam stop at the focus to produce dark ﬁeld schlieren.
3.3 Thomson Scattering
The Thomson scattering diagnostic used on MAGPIE allows for simultaneous
measurement of the plasma velocity and its temperature and ionisation. The
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Figure 3.8: Experimental set-up for Thomson diagnostic. The observation set-
ups use the same focal length lens, fv, such that a single scatter volume
is imaged by a pair of ﬁbres at 90.
fundamental process behind Thomson scattering is the scatter of photons from
electrons in the plasma with the resultant energy of the scatter dependant on the
plasma parameters: velocity; temperature; ionisation; and density.
The set-up for the Thomson diagnostic is shown in Figure 3.8. The input
photons are provided by a 1064 nm Nd:YAG laser (not the same as the imaging
laser) which is ampliﬁed and frequency doubled to yield a 532 nm,  3 J, 8
ns width output; the beam power is measured before and during an experiment
using a power meter. The beam is plane polarised and focused onto the load axis
by a 2.5 m focal length lens which provides a focal spot  80 m and a depth of
focus  2 cm. Eighty microns is the theoretical spot size based on the diﬀraction
limit however the beam is not a perfect Gaussian and therefore does not focus to
a perfect spot. The actual size of the beam is much larger due to a low intensity
halo surrounding the focus; this has been measured to be 200-500 microns. The
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depth of ﬁeld is slightly longer than the length of a typical cylindrical wire array
(=1.6 cm) and therefore the beam stays approximately the same size through the
array; this is important as it means there is an approximately constant photon
ﬂux along the beam line.
As the beam propagates through the plasma scattered light is collected at
90to the beam direction, in the r;  plane of the experiment, by two optical ﬁbre
bundles. Crucially the observation plane is set-up to be orthogonal to the plane of
beam polarisation. Each bundle contains either 7 ﬁbres, of 200 m diameter and
separated by 390 m, or 14 ﬁbres, of 100 m diameter and separated by 250 m.
These ﬁbre bundles image a series of points along the beam line simultaneously
using a simple 1 lens system to set the separation of scatter points within the
plasma i.e. the magniﬁcation. The diagnostic is typically set-up such that a
single scatter volume is imaged by a pair of ﬁbres i.e. one from each of the two
bundles. The spectra of the scattered light is then recorded using an imaging
Andor Shamrock 500 spectrometer with a time gated (4 ns) Andor iStar ICCD
camera. The spectral resolution of the camera depends on the width of the ﬁbres
and is equal to 0.5 Å for a 200 m ﬁbre or 0.25 Å for a 100 m ﬁbre.
The spectrometer is triggered by an optical diode recording the Thomson laser
pulse close to its initial production, but before its ampliﬁcation, and this same
signal is used to determine the time at which the laser pulse reaches the centre
of the MAGPIE chamber. Another diode is often placed in the path of reﬂection
from the input Brewster window (Figure 3.8) to the chamber as a secondary
measure on when the pulse probes the plasma; analogous to how the laser imaging
is timed.
3.3.1 Scattering from an electron
When a photon is incident on an electron the electric and magnetic components
of the wave act to accelerate the electron. The electron then emits radiation to
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Figure 3.9: Relationship between em waves incident on, and scattered from, an
electron. (a) incident wave Ei travelling along ki in the x direction
with polarisation 0. (b) scattered wave travelling along ks observed
in the solid angle d
 with polarisation . Integrating over d
 gives
a doughnut shaped polarisation proﬁle indicating there is no scatter
along the initial direction of the electric ﬁeld.
lose the additional energy from this acceleration. If the initial velocity v of the
electron is small, i.e. non-relativistic, then the magnetic eﬀect on the electron
can be ignored as the force scales as v=c compared to the electric force. The
acceleration of the electron is therefore only due to the electric ﬁeld and also
the momentum of the photon is unchanged such that k0, the wave-vector of the
photon, is unchanged. This is the basis for Thomson scattering which can be
thought of as the low energy, non-relativistic, form of Compton scattering.
The Thomson probe beam is polarised to produce a plane wave which imparts
an oscillatory motion on an electron, in a single direction, with an acceleration
_v (t) = e^
e
m
E0 exp ( i!0t) ; (3.13)
where E0 is the ﬁeld amplitude, !0 the angular frequency of the ﬁeld, m the
mass of the electron, e the electron charge, and e^ the polarisation vector. The
oscillatory motion of the electron creates a dipole which radiates a scattered ﬁeld
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with amplitude (Lochte-Holtgreven)
Es =
r0
r
E0 j(e^ n^) n^j = r0
r
E0 sin ; (3.14)
where r0 is the classical electron radius,  2:8  10 15 m, n^ is the direction of
beam propagation, and  is the direction of polarisation deﬁned by Figure 3.9.
The probability of a photon interacting with an electron is then determined
by the scattering cross-section, deﬁned as the power Is scattered into the solid
angle d
 divided by the incident ﬂux S0,
d =
Isr
2d

S0
; (3.15)
(bars indicate time averages) which in terms of the polarisation is,
d
d

= r20 sin
2  = e: (3.16)
Equation (3.16) is the diﬀerential cross section for scatter from a single elec-
tron. Integrating (3.16) over the entire solid angle provides the total cross-section,
called the Thomson cross-section, which is Th = (8=3)r20 = 0:665  10 24 cm2.
Two things are apparent from the cross section. Firstly that it is independent
of the frequency of the wave such that any wavelength should suﬃce for the
diagnostic. Secondly that the scattered intensity distribution has a sin2  de-
pendence which indicates there can be no radiation emitted in the direction of
the input polarisation; i.e. no emission in the plane of the electron oscillation.
Hence the observation plane is set up orthogonal to the beam polarisation to
provide maximum intensity of the scatter. This of course is not necessary if the
beam is unpolarised however this introduces separate problems, particularly for
example beam ampliﬁcation, which are not discussed here. Suﬃce to say that
this diagnostic is always operated with a plane polarised beam.
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Figure 3.10: (a) Geometry for an em wave scattering from a moving electron
(adapted from Lochte-Holtgreven). (b) Triangular relation between
scattering vectors.
3.3.2 Scattering from a moving electron
The electrons in a plasma will always have some form of motion whether that
be from the global dynamics (i.e. wire ablation), random thermal motion, or
some other stimulus. This means that light scattered from the electrons will be
Doppler shifted due to their velocity. The measure of this Doppler shift and
the calculation of the plasma velocity forms the basis of the Thomson scattering
diagnostic.
Given that the measurement apparatus is typically very far from the plasma,
and that the ﬁbre size is very small, the scattering process can be described as
occurring in a plane deﬁned by the incident wave and the observation direction; as
such only the particles motion in this plane is measured. The general scattering
geometry is set-up as in Figure 3.10a such that the scatter occurs in the x; y plane
and the x axis makes an angle  = ( )=2 where  is the scattering angle between
the two rays. The velocity of the electron in the direction of k0 is then
vk0 =  vx cos + vy sin ; (3.17)
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and therefore the electron sees a Doppler shifted incoming frequency of
!0 = !0   !0
c
( vx cos + vy sin ) : (3.18)
The velocity of the electron is given by
vks = vx cos + vy sin ; (3.19)
and consequently the electron radiates a Doppler shifted frequency
!s = !
0 +
!0
c
(vx cos + vy sin ) : (3.20)
The observed Doppler shift is therefore
! = !s   !0 = !0
c
2vx cos =
!0
c
2vx sin
1
2
; (3.21)
due to the diﬀerence between observed and emitted frequency arising from the
electrons motion. It is notable that, for a given input frequency, the frequency
shift is determined by the component vx of the velocity. This is because we
measure the projection of the scatter along the wave-vector in the x direction.
This can be seen by re-orientating Figure 3.10a to produce the triangular relation
shown by Figure 3.10b. This vector is deﬁned as
k = ks   k0; (3.22)
which for small Doppler shifts where k0  ks is given by k  2k0 sin =2 =
2!0=c sin =2. Substituting this relation into equation (3.21) shows that the ﬁnal
Doppler shift can be written
! = k  v: (3.23)
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This indicates that, as stated earlier, the frequency shift is only measured
along the projected vector which is the diﬀerence between the direction of beam
propagation and the direction of observation. To calculate the total velocity of
the electron therefore requires measuring the velocity component along a second
scattering vector. The easiest option is to make the second observation at 180
to the ﬁrst as this will provide orthogonal scattered projections from which to
construct the total velocity. The set-up described by Figure 3.8 takes this ease
of geometry one step further by orientating the observation vectors such that
 = 90. The projections are therefore orientated at 45 to the beam propaga-
tion which allows for straight forward re-orientation of the velocities along the
directions k0 and ks.
3.3.3 Collective scattering from a Plasma
The above sections detail the scattering processes from the simple situation of a
single electron scattering an em wave. In a plasma however there is a statistical
ensemble of electrons from which the scatter can occur. The way in which the
probe wave is scattered by these electrons depends on the wavelength of the
probing light (0) and the Debye length of the electrons
D =
r
0kBTe
nee2
: (3.24)
For 0  D the scattering occurs from electrons which make up the Debye
shield around nearby ions and electrons. The electron motion is therefore cor-
related to the ion motion and is known as the collective scattering regime. For
0  D the scattering is from groups of electrons which are randomly distrib-
uted within the scattering volume and are therefore not necessarily correlated to
the motion of any other element in the plasma; this is known as non-collective
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scattering. It is often more intuitive here to introduce the scattering parameter
 =
1
kD
; (3.25)
as this is a parameter that will appear throughout the following discussion; here
k is the scattered wave-vector (3.22) and  is  1 for non-collective scattering
and & 1 for collective scattering.
In the following we only consider the case of scattered light from an unmag-
netised, collisionless, stable and low temperature plasma. The Debye length, and
by extension the scattering parameter, is therefore primarily dependant on the
electron density and ﬂuctuations in the density will be reﬂected by variations in
the scattered spectrum. In general the ﬂuctuations in the plasma are incoherent,
reﬂecting a broad frequency range, but the scattered light from these ﬂuctuations
can consist of narrow, coherent, frequency features on top of a broad incoherent
feature. The eﬀect of plasma ﬂuctuations on the spectral density can be written,
quite generally, as the sum
S(k; !) = Se(k; !) + Si(k; !); (3.26)
where Se is the contribution due to ﬂuctuations of free electrons (the electron
component), and Si the ﬂuctuations due to ion correlated electrons (the ion
component). For an arbitrary distribution function this spectral density function
(for a single ion species) is given by (Froula et al., 2011)
S (k; !) =
2
k
1  e

2 fe0 !
k

+
2Z
k
e

2 fi0 !
k

; (3.27)
where fe0 and fi0 are normalised electron and ion distribution functions, Z is
the average ion charge, e is the electron susceptibility and  the longitudinal
dielectric function. Corresponding to equation (3.26) the ﬁrst term of (3.27) is
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the electron contribution and the second the ion contribution. In the collective
scattering regime the electron component can be thought of as the contribution
from electrons which are a shield on other electrons rather than free electrons.
The eﬀects of shielding on the spectrum, either electron or ion, are contained
within  with signiﬁcant contributions to S (k; !) when jj2 is small. This occurs
at the natural resonances of the plasma i.e. when the frequency ! ' !pe, the
electron plasma frequency, or ! ' !ac, the ion acoustic-resonance frequency.
3.3.3.1 Scattering from a Maxwellian Distributed Plasma
To produce an accurate spectrum from equation (3.27) requires knowledge of
the plasma distribution functions fe;i and the susceptibilities e;i. For a non-
relativistic plasma in thermodynamic equilibrium, i.e. what we can reasonably
expect from a z-pinch plasma, the electron and ion velocity distributions are
Maxwellian such that (in 1D)
fe0 =

1
a2
1=2
exp

 v
2
a2

and fi0 =

1
b2
1=2
exp

 v
2
b2

; (3.28)
where a and b are the mean thermal speeds,
a =

2kbTe
me
1=2
and b =

2kbTi
mi

; (3.29)
and me;i are the electron and ion masses, Te;i the electron and ion temperatures.
For Maxwellian distributions the electron and ion susceptibilities are
e (k; !) = 
2 [Rw (xe) + iIw (xe)] ; (3.30)
i (k; !) = 
2ZTe
Ti
[Rw (xei) + iIw (xi)] ; (3.31)
where Rw (x) and Iw (x) are the real and imaginary components of the derivative
of the plasma dispersion function and xe = !ka and xi =
!
kb (also v =
!
k from
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equation (3.23)).
Rw (x) and Iw (x) can be determined from
Rw (x) = 1  2x exp( x2)
 x
0
exp
 
p2

dp and Iw(x) = 1=2x exp
  x2 ; (3.32)
and the dielectric function from
jj2 =

1 + 2

Rw (xe) +
ZTe
Ti
Rw (xi)
2
+

2

Iw (xe) +
ZTe
Ti
Iw (xi)
2
:
(3.33)
Using equations (3.28) to (3.33) it is then possible to analytically calculate
a spectrum from equation (3.27). These are the equations used to produce the
spectral form factors ﬁtted to experiment data in later chapters.
3.3.3.2 The shape of the scattered spectrum
The above sections demonstrate the dependence of the scattered spectrum on
a number of plasma parameters, namely: velocity v; electron temperature Te;
ion temperature Ti; mean ionisation Z; and electron density ne. The primary
dependence of the spectrum is on the scattering parameter  (3.25) which can be
seen analytically by imposing the Salpeter approximation, Te=Ti ' 1. This gives
the electron and ion components to the frequency integrated scattered intensity
as (Lochte-Holtgreven)
Se(k) =
1
1 + 2
; (3.34)
Si(k) =
Z4
(1 + 2)[1 + 2 + Z(Te=Ti)2]
: (3.35)
For  1, i.e. non collective scattering, electron correlated motion is negligible
and the scattered intensity is given by the electron component such that S(k) '
Se(k). This is the case for so-called normal Thomson scattering and results
in the scattered light having a Gaussian distribution according to the velocity
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distribution of the electrons. As  increases Se(k) decreases until for  1 it is
essentially zero whilst correspondingly the ion component Si(k) increases. The
spectra is determined entirely by the collective motion of particles with a heavy
dependence on Z, Te, and Ti; in relation to the non-approximated form-factor
this dependence manifests as the ratio ZTe=Ti. The spectrum consists of 3 features
as shown by Figure 3.11a. The central peak corresponds to the ion component,
with a width determined by the thermal velocity of the ions, whilst the two outer
peaks arise from the electron component.
The separation of the collectively scattered electron peaks is given by (Froula
et al., 2011; Lochte-Holtgreven)
!2 ' !2pe +
3kBTe
me
k2; (3.36)
which corresponds to the Bohm-Gross dispersion relation for longitudinal electron
plasma oscillations. These lines can therefore be interpreted as light scattered by
density ﬂuctuations due to plasma oscillations. Correspondingly acoustic waves
can also be observed in the ion feature. For Te  Ti the ion feature takes a
simple Gaussian form however for Te  Ti two peaks are observed with size
and shape determined by the properties of the ion oscillations and a dispersion
relation given by
!ac ' k

2ZkBTe
(1 + 2)mi
+
3kBTi
mi
1=2
: (3.37)
The eﬀects of Z, Te; and Ti on the ion feature are shown in Figure 3.11b. In
general increasing ion temperature leads to widening of the Gaussian feature
due to an increase in the thermal velocity of the ions. Increasing the electron
temperature, or to a lesser extent the ionisation, leads to a greater separation of
the ion-acoustic peaks.
In practical terms, particularly for the plasmas presented later, the scattering
parameter is on the order of a few,  & 1, such that the scatter is approximately
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Figure 3.11: (a) Ion and electron features in spectra. The electron component is
more easily viewed on a log plot. (b) Eﬀect of the ratio ZTe=Ti on
the ion feature of the spectra.
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at the transition between the two scattering regimes. The plasmas studied are
therefore in the collective regime and in theory this should allow for observation
of both electron and ion components. In practice however the electron peaks are
too small to be observed over the self emission of the plasma and only the ion
feature is studied to provide information on the plasma parameters.
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4 Formation of a Rotating Plasma
Flow from Cusp Field Wire Arrays
This chapter presents data from the ﬁrst set of experiments utilising a cusp mag-
netic ﬁeld conﬁguration to introduce rotation in z-pinch plasmas. Section 4.1
demonstrates the principle of cusp ﬁeld experiments in producing a plasma ﬂow
which does not converge on the experiment axis as well as some of the shortcom-
ings associated with the experiment design. Section 4.2 details an experiment
design which allows for much greater reproducibility between experiments and
highlights results of an investigation into the eﬀects of the cusp ﬁeld strength on
the plasma dynamics. Lastly both experimental conﬁgurations are assessed in
the context of using them for further investigations into plasma ﬂows produced
by cusp ﬁeld z-pinches.
4.1 Proof of Concept Experiments using Manually
Twisted Coils
To test the principle of cusp ﬁeld wire arrays (section 1.5.2, Bocchi et al. (2013a)),
a simple experimental conﬁguration using manually twisted coils was conceived.
As with standard cylindrical wire arrays (Section 2.2) the generator current va-
porises the wires to create a plasma and establishes a toroidal magnetic ﬁeld
B which accelerates the plasma radially due to the Lorentz force Fr = Jz B.
The departure from standard wire arrays comes from two oppositely twisted coils
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positioned concentrically above and below the wire array and connected by the
wires; each wire of the array connects to a single rod of each coil. As current
ﬂows through the load (coils + wire array) the coils establish opposing ﬁelds
which cusp in the mid plane of the wires to give a radial magnetic ﬁeld Br. The
resulting Lorentz force F = Jz  Br therefore acts on the wire plasma, in ad-
dition to the radial force, to produce a plasma ﬂow directed at an angle to the
experiment axis. The magnitude of the angle is determined by the ratio F=Fr
which should remain constant as both the cusp and radial ﬁeld are produced by
the generator current.
The diﬃculty in building such an array is in making sure the two coils have the
same degree of rotation and therefore create identical strength ﬁelds. The ﬁrst
attempts towards achieving this used the following approach. The coils were made
by threading thirty two 1 mm diameter straight steel rods, 16 per coil, through
the anode and cathode plates of the load. The rods have a 90º extension leg at the
end with a small notch to guide the placement of the ablating wires (Figure 4.1a).
The anode and cathode pieces are clamped by the legs to a cylindrical jig such
that the anode, cathode, and rods, are all concentric along a cylindrical axis.
The electrodes are then slid along the rods to set the length of each coil, in
this case 30 mm, and then the rods are ﬁxed in place using screws through the
electrode. The centre jib is then secured using a vice and a long cylinder with the
same diameter as the array is inserted along the axis; this maintains the array
diameter and prevents the rods from collapsing inwards. The electrodes are then
rotated to create the coils (Figure 4.1b) with approximately one sixteenth of a
single rotation; to ensure there's no relative twist between the coils long rods are
inserted through concentric holes in the anode and cathode. With the coils made
the ablating wires can be hung between opposite coil rods to ﬁnalise the load
(Figure 4.1c); the wires used were 1 cm long 30 mm Ø Aluminium.
108
4.1 Proof of Concept Experiments using Manually Twisted Coils
(a)
Anode
Cathode
Twist
Fix
excess wire 
removed after 
construction
Twist
grub 
screws to 
secure 
rods
holes 
concentric 
with  anode
(b)
Cathode
Anode
Wire 
array 
10 mm
20 mm
(c)
Figure 4.1: (a) Cathode and anode plates with rods prior to twisting. (b) Con-
struction of a manually twisted wire array. (c) Manually twisted wire
array loaded in MAGPIE.
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(c)
Figure 4.2: (a) Image of multichannel plate pre-shot so that the frame order is
known. (b) End-on XUV image showing proof of concept for cusp
ﬁeld arrays. (c) Magniﬁed images of (b) in order from 190 ns to 280
ns.
4.1.1 Oﬀ-Axis ablation ﬂows due to Cusp Field
The main objective of these arrays was to test whether this approach could
generate the required cusp ﬁeld and impart a signiﬁcant angular momentum to
the plasma. The most direct approach to determine this was by observing the
end on geometry of the ablating plasma using XUV imaging (Section 3.1). The
set up used to make the images in Figure 4.2b consisted of four 100 mm pinholes
arranged in a square with 13 mm separation. The pinhole to camera distance was
approximately 250 mm while the pinch to pinhole distance was approximately
270 mm; this gives a magniﬁcation of 0.93 with the ﬁeld of view set by the
inner diameter of the array hardware (20 mm).
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From Figure 4.2c we see the evolution of the 16 wire array shown in Figure 4.1c
starting at 190 ns and ﬁnishing at 280 ns. The times are measured relative to
when the MAGPIE current pulse enters the load; this is true of all further quoted
diagnostic times as well. The ﬁrst thing to notice is the 16 separate ablation
streams at what would appear to be similar angles; direct measurements aren't
made due to the diﬃculty in comparison between images (as they are partly
cropped by the MCP) and in determining a centre point to measure by. It is
expected that each stream comes from a single wire however some are more spread
in the  direction than others. This could be due to deviations in the symmetry
of the set-up. For example if not all the wires in Figure 4.1c are vertical then the
streams would appear elongated or alternatively if the wires aren't even spaced
adjacent ablations streams could be merging/interacting.
The streams appear to start interacting at approximately r = 7.5 mm (i.e. after
travelling 4.5 mm, the wire array radius is 12 mm) providing the outer edge of
a very thick ring. This interaction leads to the formation of a (mostly) hollow
structure with an inner radius of 2 mm which remains approximately constant
throughout the frames. Despite having a well deﬁned inner edge throughout
there is clearly mass on the axis in the ﬁrst 2 frames that doesn't appear to be
present in the ﬁnal 2 frames. Based on what is observed from the ﬁrst 30 ns
of images either there is still mass on axis, but not hot enough to emit x-rays
(having undergone radiative cooling), or a lack of conﬁnement has led to the mass
being ejected from the axis at later times.
In addition to assessing the end-on ablation stream dynamics the experiment
was diagnosed side-on using laser interferometry (Section 3.2) as a way to check
the current dynamics through the load. Side-on interferometry of the experiment
at 260 ns is shown in Figure 4.3. As current ﬂows through the ablating wires
they have expanded due to thermal pressure, as described in Section 2.2, to form
a plasma corona surrounding a dense core which is several times larger than the
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(a) (b)
Figure 4.3: Side on laser interferometry images for the experiment in Figure 4.2b.
(a) shows the pre-shot reference image while (b) shows the array at
260 ns.
initial wire size. The rods making up the coils also appear to have undergone
some expansion but not on the scale of the ablating wires and crucially they have
not altered shape. Looking through the gaps in the coils it would also appear
that there is not much plasma within this region; certainly not on the scale of
the wire array. This is good evidence that, on the time scales shown for these
images and the XUV (Figure 4.2b), the current is ﬂowing through the coils and
into the wires and continue to do so for the duration of the experiment. We can
be conﬁdent that the coils work as intended and create a cusp magnetic ﬁeld.
4.1.2 Conclusions on Manually Twisted Arrays
Several experiments were performed using the above load with all showing similar
results to those presented above; the reality of using such loads however is that a
new one must be built for each experiment. The observations from these experi-
ments can be summarised as follows. The results show that the cusp ﬁeld array
works as intended to produce a system with oﬀ-axis ablation ﬂows which intro-
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duce angular momentum to the experiment. Some features of the data however
highlight serious issues with these experiments. Figure 4.1c shows that not all the
wires are identically vertical when hung and Figure 4.2c shows that the azimuthal
variation in the ablation stream plasma is not constant. Both of these issues have
an eﬀect on the experiment symmetry, in particular the symmetric injection of
angular momentum into the plasma, which will adversely aﬀect the dynamics.
Furthermore plasma is still ablating onto the axis as a result of diﬀerent ﬂow
angles from the wires which is likely caused by irregularities in the Lorentz force
from the radial B ﬁeld. The common root of all these issues lies with the array
design. It is not possible to guarantee that all the rods in the coils have the same
degree of twist and that the wires are hung perfectly vertical in the z-plane; it is
far too easy to get radial or azimuthal deviations in the wires. The array design
not only creates issues on a per experiment basis but also has implications for
reproducibility. For example whilst it is possible to attempt to rotate the coils
by the same amount during construction the reality of the method for twisting
the wires, combined with potential relaxation of the steel after twisting, means
that no two coils would ever be the same. Ultimately this makes diagnosing re-
peat experiments impractical as there would be no guarantee of similar plasma
dynamics. Even if the issues which created the above results could be overcome
the problem of reproducibility was the main factor in migration away from this
experimental design despite it providing a strong proof of concept.
4.2 Investigating Plasma Dynamics Generated by Flat
Rod Coils
To overcome the issues encountered with the manually twisted wire array the
design was altered to allow for greater reproducibility and control of the experi-
ment. The physical principles were maintained, the experiment was still to utilise
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cusp magnetic ﬁelds, as was some of the construction method; the easiest way
to construct the array and allow for ease of alteration was to have the coil rods
inserted into the electrodes (and glued in place). In contrast to the previous
load the cathode and anode plates were made separate to the electrodes from
which the coils were constructed (Figure 4.4). The inner diameter of the elec-
trodes/array was changed to 16 mm to improve end-on laser probing by reducing
losses due to the beam size (20 mm) and accompanying optics. The main issues
encountered previously arose from the coils and as such the rods used to create
the coils for these experiments were mass manufactured by an external com-
pany using a photo-fabrication technique. This method uses chemical etching to
form the rods from a ﬂat sheet of 200 mm thick Aluminium; hence the term ﬂat
rod coils. The thickness of the rods was chosen so they could be mass produced
with other MAGPIE experiment components which required photo-fabrication.
In order to ensure the verticality of the wires when building the array each rod
had a small notch through which the wires could hang. An image of the coils
before being connected to the anode/cathode can be seen in Figure 4.4a and an
isometric schematic of the full load in Figure 4.4b. With highly accurate and
reproducible arrays it was possible to investigate the eﬀects that diﬀerent turn
fractions have on the experiment which is the focus of this section.
4.2.1 Experimental Set-up
Three types of ﬂat rod coils were used to investigate the eﬀects of coil turn
fraction (twist) on the plasma dynamics. The turn fractions used were 2=8,
2=16, and 2=32 (Figure 4.5). These were chosen due to their symmetry with a
16 wire array and also for ease of orientation with the 16 diagnostic ports on
the MAGPIE chamber. Each experimental load is identical apart from the turn
fraction in the coils; the opposing coils are 30 mm long with sixteen (or eight
in some experiments) 1 cm long wires of 25 mm aluminium connecting them.
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Figure 4.4: (a) Construction of the ﬂat rod coils. The rods are slotted into the
grooves in the electrode and glued in place. (b) Isometric SolidWorks
image to show how the components ﬁt together.
This separation was later changed to 5 mm to allow for set-up of the Thomson
diagnostic. The wires are glued to the top rods and hang freely under tension
to the bottom rods. To ensure the connection to the bottom rods the wires
are threaded through the groove in the rods and held in place by ball bearings
(Figure 4.6).
The nature of wire arrays in the MAGPIE current return system allows for
very good side-on diagnostic from any orientation with respect to the diagnostic
(a) 2=32 (b) 2=16 (c) 2=8
Figure 4.5: Photos showing the three types of coils used to investigate the turn
fraction. The coils are 30 mm long and the wire arrays 10 mm.
115
4 Formation of a Rotating Plasma Flow from Cusp Field Wire Arrays
(a) 2=32 (b) 2=16 (c) 2=8
Figure 4.6: Magniﬁed images of Figure 4.5 to highlight the degree of symmetry
achievable with this set-up.
ports. Care must be taken however to ensure that sight lines of interest aren't
blocked by the return posts or the wires of the array; known as closed or open
axis depending on whether a wire is blocking sight to the axis. As with the
previous coiled arrays the centre of the electrode is hollow to allow for a end-on
diagnostic access.
A range of diagnostics were employed in order to proﬁle the plasma in a similar
manner to Section 4.1. Side-on laser interferometry, shadowgraphy and XUV
imaging, were used to assess the current ﬂow and uniformity of the axial ablation
dynamics of the array. These results would be used to compare the ablation to the
previous experiments and more generally to the ablation of standard cylindrical
wire arrays. As shown in Section 3.2 the interferometry and shadowgraphy were
run oﬀ a single probe beam and two such systems were employed, along diﬀerent
radial paths through the array, to allow for diﬀerent magniﬁcations; one set-up
to capture the array and coils and one to focus on the wires (Figure 4.7). The
paths also had a relative delay of 20 ns to provide some temporal information
from the laser diagnostics. To make sure the experiment was imaged in focus the
pre-shot images were focused onto the edge most wires of the array as shown in
Figure 4.7.
The XUV 4 frame camera was positioned at approximately 870 mm from the
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(a) (b)
Figure 4.7: Pre-shot images showing the focusing of the wires on the shadow-
graphy camera from (a) the low magniﬁcation laser set-up and (b)
the high magniﬁcation set-up.
axis and at a distance of 308 mm from the pinhole plate giving a magniﬁcation
of 0.55. These experiments used four 100 mm pinholes at the the corners of a 10
 13 mm rectangular area to image the experiment; to prevent image overlap a
rectangular bae was placed between the experiment and the pinholes.
The Thomson scattering diagnostic was used to measure the r;  velocity proﬁle
of the plasma, in the mid plane of the wires, using the techniques in Section 3.3;
for these experiments the Thomson data was not used to measure the temperature
and ionisation of the plasma. The ﬁbre bundles used for light collection had 7
ﬁbre channels apiece with 390 m ﬁbre separation and 200 m ﬁbre diameter.
The resolution on the spectrometer from these ﬁbres was 0.5 Å giving an error on
velocity measurements of 10 kms-1 . The imaging system utilised an f150 mm
lens to provide an approximately 2.5 magniﬁcation resulting in a 1 mm separation
between scattering volumes. The ﬁbres were aligned to provide an approximately
6 mm ﬁeld of view across the centre of the experiment as shown in Figure 4.8;
the ﬁbre numbers (i.e. F1 & F8) indicate the output lines on the spectrometer
that correspond to the given scattering volume (for example Figure 4.16).
To align the ﬁbre positions a thin pin/needle of 160 m Ø, smaller than the
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Figure 4.8: Idealised end-on view of the experiment showing the Thomson scat-
tering diagnostic. The ablation ﬂows and interaction region are drawn
to scale based on real data, as is the width of the Thomson laser and
the image collection areas and separations.
beam diameter, is put in the beam path and the scattered light imaged onto
the ﬁbres. The pin is connected to a translatable arm within the chamber (the
controls are outside the chamber) so that it can be moved freely and easily even
when the chamber is under vacuum. Firstly the pin is used to align the laser
through the axis of the experiment and then the optical bundles are aligned to a
given scatter point; for example for Figure 4.8 ﬁbres 4 and 11 are aligned to the
centre of the experiment which then sets the position of the bundles. The pin is
then moved along the beam line to check the alignment of all the optical optical
ﬁbres and the scatter is recorded onto the spectrometer to provide the reference
wavelength for velocity measurements.
End-on the plasma was measured using interferometry and self-emission ima-
ging. These were used to proﬁle the r;  dynamics of the array as well as provide
quantitative data on the plasma which isn't obtainable through XUV imaging.
Unlike the side-on imaging there are no wires on which to focus once the array
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Figure 4.9: (a) Pre-shot focusing of the laser used for end-on interferometry. (b)
Thomson ﬁbre alignment using the end-on laser imaging camera.
is installed therefore an object with sharply deﬁned edges is placed at the same
height as the middle of the wire array during set-up (Figure 4.9a). For some ex-
periments, but not all, the end on cameras are also used to ﬁnalise the alignment
of the Thomson laser. As the ﬁbres are aligned the scatter is also imaged onto
the end-on cameras so that we know the position of the scatter volume relative
to the laser images. An example of this is shown in Figure 4.9b although it has
been photo-shopped to show the two end point alignments simultaneously.
4.2.2 Comparison of End-on Plasma Morphology (r; ) for
Diﬀerent Strengths of Cusp Field
The beneﬁt of the ﬂat rod coils was that the cusp ﬁeld generated by the array
could be controlled through the accurate and reliable changes to the turn fractions
in the coils. The coils used in these experiments had either 2=8, 2=16, or 2=32
turn fractions. The immediate diﬀerence the twist angle makes on the experiment
can be seen from self emission images of 8 wire arrays in Figure 4.10. The use of
coils with a 2=16 rotation results in the formation of plasma streams at an angle
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  9 to the radial which creates a ring approximately 3 mm in diameter. Using
2=8 coils gives a larger ablation angle of   14 which results in a larger ring
diameter roughly 4.5 mm.
The full evolution of an 8 wire, 2=8 experiment can be seen in Figure 4.10c
showing all 12 frames of the optical self emission diagnostic. The diagnostic
timing, starting at 100 ns with 20 ns inter-frame, was chosen to maximise obser-
vation of the ring using the time of observations in Figure 4.2c as a guideline. At
early times we can see the initial ablation from the wires at a very obvious angle
to the axis leading to the formation of a plasma ring at 140 ns. The ring may
have formed earlier than this but this is the time from which the plasma is hot
and dense enough for self emission to be detectable on the camera. The plasma
streams do not appear to join with the ring until later times which is presumably
due to reduced emission in the front end of the stream due to radiative cool-
ing. The plasma ring is maintained in a quasi static state by the ram pressure
from the ablation ﬂows and appears fairly uniform from 140 to 200 ns. From
220 ns onwards the implosion phase of the wire array appears to be dominating
the plasma dynamics. Some of the original ablation structure can be seen near
the outer edges of the array up until about 260 ns however after this time the
snowplough of mass into the centre of the array essentially ends the experi-
ment. In these and future results we are only concerned with the ablation phase
dynamics of the array, not the implosion, and therefore unless otherwise stated
the onset of the implosion will always be considered the end of a particular
experiment.
Experiments using 16 wire arrays with the full range of twists available were
conducted in an eﬀort to further quantify the dynamics arising from the ﬂat rod
coils. The observed diﬀerences between coils with diﬀerent twist angle can be
seen from the end-on interferometry in Figure 4.11. The end-on laser was timed
to probe the plasma at 170 ns. This time was chosen based on previous data as
120
4.2 Investigating Plasma Dynamics Generated by Flat Rod Coils
α
s1023_12 200 ns
3 mm
(a)
β
s1019_12 200 ns
4.5 mm
(b)
100 ns 120 ns 140 ns 160 ns
180 ns 200 ns 220 ns 240 ns
260 ns 280 ns 300 ns 320 ns
18 mm
s1019_12
(c)
Figure 4.10: End-on optical imaging of (a) 2=16 array and (b) 2=8 array to show
diﬀerences in ablation angles. (c) shows the full temporal evolution
of the experiment in (b). The image at 280 ns is missing due to a
dead frame which was rectiﬁed in later experiments however it does
not eﬀect the interpretation of the results.
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an estimate for when the ring would be fully formed but before it might be too
high density or too self emitting for the data to be resolvable.
Figure 4.11a (2=32 coil) illustrates some of the features which will be a common
observation in many of the end-on interferograms. Around the edge of the array
are 16 high density ablation features indicating the plasma ﬂow oﬀ each wire.
The plasma density gradients are so high that the interferometry beam has been
refracted either out of the ﬁeld of view or so much the fringes can't be resolved.
These high density regions indicate the start of 16 individual ablation streams
which converge to form the dense structure in the centre of the array. The plasma
streams only have a small angle of deviation from the radial direction (i.e.  in
Figure 4.10), on the order of a few degrees, owing to the very small amount of
turn in the coils. The interactions of the ﬂows produce a (presumably) rotating
plasma with diameter approximately 2.8 mm.
A similar picture to this is shown in Figure 4.11b (2=8 coil). The plasma
streams ﬂow at a larger deﬂection angle  resulting in an annulus structure which
has a slightly larger outer diameter, 3 mm, and an inner diameter of 1 mm.
Again we see the same shadowing eﬀect in the central plasma that is common of
all attempts to laser image these experiments. Interestingly the outer radius is not
that much larger than in the previous case despite the experiment having a much
greater cusp magnetic ﬁeld and ﬂow angle. There are a couple of possibilities
for why this is. In the 2=32 case the ablation angle is very small meaning there
will be very little rotational interaction and much of the material will interact
in a similar fashion to a standard wire array. This could result in a higher
temperature than the 2=8 array and therefore a larger thermal pressure expanding
the plasma than there is in the 2=8 array. Figure 4.11d provides additional insight
by highlighting the ablation structures in the experiment and it also provides
quantitative information on the plasma electron density. It is quite clear from
the ﬁgure that we don't have azimuthally symmetric streams from each wire.
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Figure 4.11: End-on interferometry data from (a) a 2=32 array, (b) a 2=8 ar-
ray, and (c) a 2=16 array. (d) is the electron density map for (b)
calculated using the techniques in Swadling et al. (2014a).
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The angle  varies from wire to wire, with many apparently pointing directly
at the axis, and some streams combine to reduce the number of plasma streams
forming the rotating ﬂow. Both of these problems are contributing to the shape
and dimensions of the plasma by disrupting the symmetry of the experiment. If
this image were representative of the plasma at all times during the experiment
it is quite likely that the expected annulus structure would have never formed
and we would see a larger diameter version of Figure 4.11a. This image therefore
hints at some change in the ablation streams during the experiment.
Figure 4.11c shows a rather diﬀerent morphology to Figure 4.11a and Fig-
ure 4.11b which is due to the much later time of the image; this was not planned
but a result of the current starting uncharacteristically early in this experiment.
There are still clearly 16 ablation streams however this has created an oval fea-
ture of 3.5 mm along the major axis and 2.5 mm along the minor. This appears
to be an enhanced eﬀect of what was observed in Figure 4.11d and is most likely
due to the later time during this shot. This further suggests that the current and
the resulting magnetic ﬁelds are causing changes in the ablation ﬂows during the
experiment; a phenomenon which was not observed in the previous experiments
using the manually twisted arrays.
Further evidence of this eﬀect can be seen in some 12 frame data from the same
experiment as shown in Figure 4.12. The image at 225 ns matches the observed
oval shape in Figure 4.11c and shows remarkable diﬀerences from the plasma state
20 ns earlier. The plasma has changed from an almost circular shape which is
likely associated with a change in direction of some of the the ablation streams
between images; for some the ﬂow angle has changed to essentially  = 0 i.e.
entirely radial. There are also a number of what appear to be dual ﬂows - the
interaction of two wire ablation streams to produce a single ablation structure
onto the rotating ﬂow. There appear to be more of these features at the later
time however it is unclear if these are newly evolved structures or were simply
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Figure 4.12: Negatives of optical emission images from the 2=16 array also shown
in Figure 4.11b. The frames indicate the change in plasma features
over 20 ns.
less visible in previous images. In either case these features are not azimuthally
symmetric and therefore adversely impacting the shape of the rotating plasma.
These kind of results, where the plasma streams and central morphology are not
consistent throughout the experiment, represent an issue with the experiment
which was not previously observed in the manually twisted coils. Possible reasons
for this are discussed later in the chapter.
4.2.3 Side-on Observations (r; z) of ablation dynamics
The observation of the experiment from a side on perspective allows for analysis
of the ablation dynamics along the wires. In general the ablation features from
the wire arrays connected to the coils, regardless of twist, were mostly the same
and not too dissimilar to the ablation dynamics of standard cylindrical wire ar-
rays. The images in Figure 4.13 (same experiment as in Figure 4.11c) show the
ablation from a 2=16 array at 200 and 220 ns; the earlier image has a 2 mag-
niﬁcation compared to the latter. We see the thermal expansion of the plasma
corona with ablation of material, originating from these corona, towards the axis.
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Figure 4.13: High (left) and low (right) magniﬁcation side-on shadowgraphy im-
ages of a 2=16 array. The images were taken 20 ns apart.
The ablation is clearly modulated in the axial direction and follows a periodicity
with   0:5 mm; the density of these structures also appears to increase in
time as they are much more visible in the later image. This perturbation is due
to instability in the coronal plasma and has the same wavelength regardless of
the thickness of the Aluminium (Lebedev et al., 2001a). The precursor plasma of
standard wire arrays show good axial uniformity (Section 2.2, (Harvey-Thompson
et al., 2009)) despite this periodicity and as such the modulation does not ad-
versely aﬀect the rotating plasma column. Furthermore it has been shown by
Lebedev et al. (2001a) that features arising in the precursor plasma from the
modulation don't manifest until after bulk motion of the coronal plasma starts,
i.e. the implosion, at which point they are responsible for the growth of the m=0
mode of the Rayleigh-Taylor instability.
Indeed we can see that the edge of the precursor plasma, indicated by the high
density structure which can be seen either side of the middle wire corona, is re-
markably smooth. The dense section has a thickness of  0:25 mm and indicates
the overall structure is a hollow cylinder. In standard cylindrical wire arrays the
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shape of the plasma precursor is correspondingly cylindrical; or rectangular in a
side-on image. It is quite clear from these experiments that the plasma column
is somewhat curved and appears more so towards the top and bottom of the
wire array. The only explanation for this, or at least the only diﬀerent aspect
to a normal wire array, is the cusp magnetic ﬁeld used to induce angular mo-
mentum to the experiment. There are two possibilities for this behaviour. One
is that the plasma is simply following the curvature of the cusp magnetic ﬁeld
lines and as the curvature is more pronounced near the ends of the coils this is
where the plasma is most curved. The other is that while the Bz component of
the ﬁeld is zero at the wire mid-plane it is not near the coils; again due to the
ﬁeld curvature. This could lead to the compression of axial magnetic ﬁeld, if it
is advected with the ﬂow, and correspondingly magnetic pressure in the plasma
supporting a larger equilibrium radius.
Focussing attention on the ends of the plasma cylinder also shows the absence
of axial outﬂows of plasma. As the plasma is not conﬁned along the experiment
axis, only in the r;  plane, it was thought that pressure would lead to a potentially
signiﬁcant loss of mass as axial outﬂows. Observations appear to indicate however
that this is not the case, at least not on the relevant time scales of a 2=16 array,
and the observations are somewhat supported by numerical simulations (Bocchi
et al., 2013a) of the experiment.
Comparing the r; Z structures between experiments is better achieved using
XUV imaging. Figure 4.14 compares the dynamics of a 2=32 array and 2=16 array
at roughly similar times. In Figure 4.14a we don't see the same curvature on the
column (rotating plasma) that we do in Figure 4.14b and Figure 4.13 further
suggesting that it is the cusp magnetic ﬁeld that is responsible for this feature;
in the 2=32 array the ﬁeld just isn't strong enough to produce the eﬀect. The
data at 260 ns in Figure 4.14a suggests the array is beginning the implosion
phase and that at this time there appears to be axial outﬂow in this experiment.
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Figure 4.14: Side-on XUV data from (a) a 2=32 array and (b) a 2=16 array to
show diﬀerences in ablation dynamics.
The outﬂow forms due to the thermal pressure pushing the plasma in the only
direction it is un-constrained. The data for the 2=16 however conﬁrms that
there aren't outﬂows for an array with this twist which suggests that the internal
pressure is lower than in the 2=32 experiment. Therefore outﬂows are not likely to
be present in larger twist experiments either as the pressure within the column
will be correspondingly reduced by the larger radius. It is also evident from
Figure 4.14b that the wires remain intact until very late in the experiment which
means that the sudden change in the angle of the ﬂows, as observed in Figure 4.12,
is not due to wire breakage or implosion of the array.
4.2.4 Plasma Velocity Proﬁle
In the previous sections it's been shown that the cusp ﬁeld from the load coils
imparts angular momentum to the experiment through oﬀ axis ablation ﬂows.
This leads to the formation of a cylindrical structure which can be hollow de-
pending on the coil twist. The question remains however if the plasma is rotating
as a bulk ﬂow or if it simply stagnates at a position displaced from the axis. To
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Figure 4.15: Diagram showing the scattering geometry for each ﬁbre bundle in
the Thomson scattering diagnostic.
determine this the velocity proﬁle of the plasma was directly measured using
the Thomson scattering techniques described in Section 3.3. The diagnostic was
set-up to evenly probe either side of the array axis as shown in Figure 4.15 (also
Figure 4.8).
The Thomson measurements in this section concentrate on the wavelength
of the Thomson spectra. Measurements of the Doppler shift of the scattered
spectra allow for accurate calculation of the plasma velocity using ! = k  v
(equation (3.23)). The diﬀerence between in and out (laser peak and scattered
peak) is the Doppler shift of the scattered light and is typically on the order of
a couple of Å in all these experiments; a Doppler shift of 1 Å corresponds to a
velocity of 40 kms-1. The maximum  we expect to observe is from the ablation
streams, which have a shift on the order of 3 Å, corresponding to a velocity on
the order of 100-150 kms-1 (Harvey-Thompson et al., 2012); the ablation velocity
was directly measured in this work to be approximately 140 kms-1.
A typical example of the measured spectrum from these experiments is shown
in Figure 4.16; obtained from an 8 wire 2=8 twist load. The ﬁrst 7 lines of data
correspond to bundle A and the bottom 7 to bundle B in Figure 4.15; the num-
bers indicate pairs of ﬁbres which observed the same scattering volume. The
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Figure 4.16: Spectrometer data from an 8 wire, 2=8 twist, experiment at 220
ns (left) and normalised line proﬁles of the ﬁbre data (right). The
red curves shown Gaussian ﬁts with centres indicated by red dotted
lines; the green dotted lines indicate the laser wavelength.
observed features correspond to the ion component of the Thomson scattered
spectrum; that is the scatter from electrons which have ion correlated motion.
Features which have a double peak structure, rather than a simple Gaussian
shape, arise due to ion-acoustic resonance. To determine the central wavelength
of the scattered features, used for the velocity calculations (Figure 4.17a), the
line proﬁles are ﬁtted to using a standard Gaussian curve (ﬁtting of the Thom-
son form-factor, to determine temperature and ionisation, is described in section
5.2.2.2). Some diﬃculty can arise when doing this as it is not always obvi-
ous if stray laser signal is being detected when a feature lies close to the laser
wavelength.
The results in Figure 4.17a and Figure 4.17b show the velocity measurements
for the scatter observed in Figure 4.16. The ﬁbres were aligned such that ﬁbres
4a and 4b were ostensibly on the array axis and, although there is uncertainty in
the exact location of the scattering volume, bundle B appears to suggest that the
ﬁnal results came from the expected region. We see generally positive velocities
130
4.2 Investigating Plasma Dynamics Generated by Flat Rod Coils
0 1 2 3 4 5 6 7 8
Fibre Number
−10
−5
0
5
10
15
20
25
30
35
V
A ou
t
(k
m
s−
1
)
(a)
0 1 2 3 4 5 6 7 8
Fibre Number
−100
−80
−60
−40
−20
0
20
40
60
V
B ou
t
(k
m
s−
1
)
(b)
0 1 2 3 4 5 6 7 8
Fibre Number
−80
−60
−40
−20
0
20
40
60
V
r
(k
m
s−
1
)
(c)
0 1 2 3 4 5 6 7 8
Fibre Number
−100
−80
−60
−40
−20
0
20
40
60
V
θ
(k
m
s−
1
)
(d)
Figure 4.17: Thomson velocity results measured from Figure 4.16. (a) and (b)
show the Doppler shifted velocity measured for each ﬁbre bundle A
and B respectively. This is the velocity along the scattered wave-
vector kA;Bs in Figure 4.15. (c) and (d) respectively show the com-
ponents of the total velocity parallel and perpendicular to the beam
line; i.e. kin in Figure 4.15.
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on ﬁbres 1 to 3 and negative from 4 to 7 indicating that the plasma is moving
in opposite directions either side of the axis; i.e. it is probably rotating. Fibres
4 and 5 show a very low velocity which suggests that the plasma in this region
was in the hollow axial area observed for experiments with these coils.
The measurements from the two ﬁbre bundles A and B provide the Doppler
shifted velocities along the scattering projections kA;Bs in Figure 4.15. Combining
the results in quadrature therefore provides the total velocity (magnitude and
direction) of the plasma in the plane of ks with kAs and k
B
s as the axes. It is far
more intuitive however to construct the results in relation to the beam line kin as,
providing the laser probes through the axis, this allows for easy interpretation of
the data as radial, vr, and azimuthal, v, velocities as shown in Figure 4.17c and
Figure 4.17d. To switch between the geometries requires a simple transformation
of the velocity data through 45º.
The azimuthal velocity, (Figure 4.17d), deﬁnes the rotation proﬁle of the plasma
and essentially follows the trend observed from bundle B in Figure 4.17b. The
centre of the plasma ﬂow is clearly around ﬁbres 4 and 5 which is indicated by
the essentially (within error) zero motion in this region. This suggests that the
measured velocities on the remaining ﬁbres originate within the plasma ring as
was intended from the set-up. The velocities range between 15 to 30 kms-1 on
the left hand side of the graph and -50 to -70 kms-1 on the right. This is a
rather large disparity however it is nonetheless convincing evidence for a rotating
plasma. The radial proﬁle (Figure 4.17c) gives velocities in the range 30 to 50
kms-1 for ﬁbres 1 to 3 and -30 to -50 kms-1 for 6 and 7; within error ﬁbres 4 and
5 can be taken as zero. For the geometry shown in Figure 4.15 this indicates that
at all points in the experiment the plasma is moving towards the axis. This is
expected as the ablation interactions into the rotating ﬂow are imparting a large
inward force on the plasma. It is noticeable however that neither vr or v show
symmetric proﬁles about the axis which comes as a minor surprise as for a rotat-
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ing plasma in equilibrium we would expect symmetry. This could be the result
of the set-up if the laser did not probe directly through the axis, an all to easy
possibility, or that the plasma is still dynamical and not in a quasi-equilibrium
state; this could be due to, for example, the irregular ablation geometry of the
system.
4.2.5 Conclusions on Flat Rod Coil Arrays
Data from a range of experiments using ﬂat rod coils demonstrate that we can
control the cusp magnetic ﬁeld, by varying the twist angle in the coils, and that
we can do this in such a way that the results are reproducible. The experiments
produce a cylinder of plasma with radius determined by the ablation angle 
(larger twist corresponds to larger ) and show that, crucially, these plasmas
rotate about the axis.
Although the set-up clearly works there are evidently improvements that can be
made as indicated by results from the manually twisted coil experiments. This is
principally shown by data such as in Figure 4.12 and Figure 4.11b. At some point
during the experiments the ablation dynamics cease to be consistent with what
has come before leading to changes in the ablation angle  and ultimately adverse
aﬀects on the plasma morphology; from an end on perspective the rotating plasma
column ceases to be circular. This can only be due to changes in the radial cusp
ﬁeld which is providing the oﬀ-axis Lorentz force. The reason for the change in
ﬁeld strength is however not clear as the obvious candidate, wire breakage leading
to implosion, can be ruled out from side-on observations of the experiments. The
mechanism for generating the cusp ﬁeld is the current ﬂow through the coils
therefore a breakdown of current somewhere along the coil-wires-coil path is
likely to be causing the problem. Either the rods themselves are ablating too
much and therefore providing a plasma path for the current, thereby ignoring
the coils, or the ﬂat rod design with their sharp edges are distorting the electric
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ﬁeld and therefore the current path.
4.3 Summary of Proof of Concept Experiments
This chapter has presented results showcasing the principle of cusp magnetic ﬁelds
inducing angular momentum into a z-pinch experiment. The concept was largely
proved by the use of loads constructed from manually twisted coils which demon-
strated the formation of a hollow ring structure about the axis. The manual twist-
ing of these coils however meant that essentially every experiment was unique and
therefore only useful for gaining insight into the general time-scales and dynamics
we would expect to see in future experiments.
The development of coils using mass-manufactured ﬂat rods meant that the
experiments were made more reproducible; thus data obtained could be compared
across multiple experiments. An investigation into the eﬀect of the coil twist
angle on the experiment showed that, as would be expected, the ablation angle
() increased as the twist in the coil was increased. This is due to the larger
magnetic ﬁeld produced by the more rotated coil. Correspondingly the larger
ablation angle leads to the formation of a plasma cylinder with larger radius.
Thomson scattering measurements show that the plasma rotates about the axis
and, based on the circular morphology shown by optical emission data, rotates
for the duration of the experiment. The momentum for the rotation is provided
by the ablation streams which are continually pumping the rotating plasma at
the same velocity and therefore it maintains the same speed throughout.
Problems with the ﬂat rod coils arise due to current breakdown altering the
cusp magnetic ﬁeld which changes the symmetry of the ablation ﬂows into the
rotating plasma. These eﬀects change the morphology of the plasma column
and therefore bring an early end to the experiments; early in the sense that
it occurs before the implosion phase of the wire array would otherwise end the
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experiment. The fact that these dynamical changes don't occur in any obser-
vations of the manual twist arrays suggests that the breakdown is linked to the
ﬂat rods. This creates inconsistencies between experiments which means that,
as with the manually twisted coils, these coils are not useful as a platform for
further investigations into rotating z-pinch plasmas.
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5 Rotating Flow Dynamics produced
by Cusp Field Wire Arrays
The previous chapter showed the principle of using cusp ﬁeld Z-pinches to produce
a rotating plasma however the results were limited by the inconsistent nature of
the experiments. This chapter details results from experiments, using the same
technique, which are much more reproducible and could have relevant astrophys-
ical comparisons. The initial theme of the chapter is to parametrise the rotating
plasma formed by the new experimental hardware in a similar way to the previous
data. The macroscopic properties of the plasma are then discussed with a par-
ticular focus on Thomson scattering data; this is obtained with a greater spatial
and spectral resolution than was possible in the previous experiments. Crucially
the Thomson data provides information on the temperature of the plasma. The
ﬁnal section discusses the observation in XUV images of small scale structures
(i.e. much smaller than the global scale) within the plasma which could be due
to the development of turbulence within the ﬂow.
5.1 Modiﬁcation of the Experiment to achieve
Reproducible results
The experiments detailed in Chapter 4 highlighted an issue with achieving repeat-
able experiments and reproducible results. To brieﬂy re-summarise the previous
section: current breakdown along the coil ceased the generation of the cusp mag-
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Figure 5.1: Annotated images of the experiment load mounted in the MAGPIE
chamber (left) and during wiring (right). The construction rods are
removed after mounting the load as otherwise they would divert the
generator current.
netic ﬁeld and led changes in the ablation angle which adversely aﬀected the disc
morphology. Comparisons of the manually twisted coil data and ﬂat rod coil
data indicated that this was not an issue present in the former experiments and
as such the design of the coil - i.e. the ﬂat rods - was likely the cause of the
diﬀerences.
A new coil was therefore designed with the aim of combining the reproducibility
of the ﬂat coils with the ﬁdelity of the manually twisted ones. As before the anode
and cathode were made to be generic plates into which the electrodes could be
ﬁtted. The coils again would be secured in place by shaped grooves on the inside
of the electrode. The rods used for the coils were made using a CNC wireforming
machine which allowed for all the rods to be manufactured identically from 1 mm
Ø stainless steel. To keep consistency with previous experiments the length of the
rods was made to 28 mm and the diameter of the wire array kept as 16 mm. The
length of the wire array was reduced to 4 mm to allow for easier access/set-up of
the Thomson diagnostic and in an attempt to produce a more disc like, rather
than long cylinder, structure. An image of the new experimental load is shown
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in Figure 5.1. Throughout this chapter all the data is produced by coils with a
2=16 turn fraction and either 8 or 16 rods; with correspondingly 8 or 16 wires in
the wire array. Unless otherwise stated the general diagnostic set-up is the same
as for the experiments in Chapter 4.
The ﬁrst point of interest for these new experiments is how they compare to
the previous results. To assess this the fast optical framing camera was used to
gain a general idea for the morphology of the plasma. The camera was set-up to
trigger at 100 ns after the current start and take images at a 20 ns interframe
with a 5 ns exposure. The full view of a 16 wire, 40 m Aluminium, experiment
is shown in Figure 5.2a; the centre of these images has been magniﬁed to show
the rotating ﬂow in Figure 5.2b.
What we observe in Figure 5.2a is generally very similar to that observed in the
previous chapter (Figure 4.10). We observe 16 ablation structures (one for each
wire) ﬂowing at an angle of approximately 6º creating an annular structure which
is sustained by those ﬂows for over 120 ns. Interestingly this angle is slightly less
than the 9º that was reported previously for an 8 wire experiment with the same
coil twist. We would expect that the angle remains constant regardless of the
choice of wire number because the total force from the magnetic ﬁelds is determ-
ined only by the ratio of Br and B. The diﬀerence is likely to be a combination
of localised current aﬀects, as the plasma corona through which current ﬂows
are obviously much closer in a 16 wire array, and the divergence of the plasma
causing interactions close to the wires (Swadling et al., 2013). Interactions of the
wire ablation ﬂows is completely expected from an aluminium plasma due to its
high collisionality (for the observed plasmas the collision scale length is  100
m). Crucially however the interaction patterns, i.e. the formation of dual ﬂows,
and the oﬀ axis angle at which the ﬂows are directed appear to stay constant
throughout the experiment; this is in contrast to the experiments shown previ-
ously in which the ﬂow angle very obviously changed. A quantitative assessment
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Figure 5.2: (a) Optical emission data from a 16 wire 2=16 coil, 40 m Al, exper-
iment. (b) magniﬁed images of the central regions from (a).
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of the ﬂow angle is conducted below.
Figure 5.2b focuses on the rotating ﬂow region to show how it evolves during
the experiment. The plasma forms a reasonably uniform ring at 150 ns with an
average radius of 1.6 mm and a width of 0.5 mm; the axial thickness of the
ring is equal to the wire array length of 4 mm. By adding the expected time for
ablation start, 80 ns, and the time of ﬂight of plasma from the wires to the
ring, 40 ns (at 1.4x107cms-1), we can calculate the expected formation time
as 120 ns. This agrees reasonably well with the observed time and very well with
GORGON simulations of this experiment (Bocchi et al. (2013a), also 120 ns);
therefore this is the formation time that will be used in further analysis. After
230 ns the uniformity of the ring starts to deteriorate, becoming much thicker,
until the circular structure is lost at 270 ns and the centre ﬁlled in at 290 ns
and later. These time scales match reasonably well with what can be expected
based on 0D modelling of z-pinch implosions. For a 16 wire 40 m Al array
the time at which 50% of the wire mass is lost is  230 ns (time after which
wire breakage can start) with the ﬁnal implosion at 310 to 330 ns (Table (5.1)).
Therefore the dynamics of the ring collapse are well within the implosion phase
of the experiment (generally taken to be the ﬁnal 20% of the implosion time but
can start as early as the 50% ablation time).
5.1.1 Analysing the Ablation features
To analyse the ring and ablation structures in further detail XUV imaging was
used as an alternate means of observing the plasma self emission. This allows
for study of only the hottest, most interacting, regions of the experiment that
are emitting soft x-rays. The results of a typical 16 wire, 40 m Al, experiment
are shown in Figure 5.3. The pinhole camera was set-up end-on with a 30 ns
interframe and pinholes 267 mm from the disc plane and 260 mm from the
camera giving a magniﬁcation of 1; no baes were used as the top electrode
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Figure 5.3: XUV images to show the ablation and rotating ﬂow structures in the
experiment.
and anode plate act as a bae. The pinholes used were 100 m in diameter
meaning the minimum photon energy detected is 20 eV.
Both the ablation and ring structures in Figure 5.3 show much more complex
and interesting dynamics than were previously observable using the optical emis-
sion diagnostic. The rotating ﬂow will be discussed in Section 5.3 so here we
focus on the ablation dynamics. In what appears to be a stark contrast to the 12
frame images we observe 32 features emanating from the edge of the wire array;
we will see in due course that actually these can be attributed to 16 double (fang
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Figure 5.4: Images showing the rough determination of the wire position on the
XUV data. (a) shows the top of the electrode in the chamber, (b)
a SolidWorks drawing of a steel rod in the electrode, and (c) the
emission from the top of the rod on the XUV image.
like) features. To be able to interpret these structures fully we need a point of
reference; the best of which would be the location of the wires.
For obvious reasons the wires themselves are not visible from an end-on view on
the XUV however it is possible to determine their approximate position from the
data. Around the edge of the XUV images are a number of circular dots which
are thought to originate from emission from the steel rod (Figure 5.4). We can
then use this information to determine that the wires are located at the centre
of the observed double structures which therefore implies that these features are
not the ablation ﬂows; they are however clearly related.
By comparing the XUV images to previous MAGPIE data (Swadling, 2012;
Swadling et al., 2013) we can begin to interpret what the XUV data shows. In the
density maps shown in Figure 5.5 we observe a very distinctive pattern of high
density regions surrounded by low density, hollow, areas. These are areas which
have retained a high kinetic energy across a collision shock and are kept locally
stable due to thermal pressure. As these are the regions of highest temperature
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Figure 5.5: (a) End-on interferogram reprinted with permission from Swadling
et al. (2013). (b) Annotated section of (a) also reprinted from
Swadling et al. (2013). (c) shows the same structures present in (a)
and (b) in the XUV images.
these are the structures that are observed on the XUV images. Using the above
information on the wire locations we can identify pairs of features to measure to
get an indication for the ﬂow angle of the ablation (otherwise we could in fact be
measuring the angle of the primary shock region, Figure 5.5b).
The angles at which the hollow structures in a pair are directed are measured
and then averaged to calculate the ﬂow angle for the ablation stream. By doing
this calculation for a number of wires over the 4 frames from the XUV camera
we can get an idea for the change in ablation angle over time; this is shown
in Figure 5.6. The large errorbars on the data are a result of the diﬃculty in
measuring the angle of the structures and therefore highlight the inability to
discuss signiﬁcant trends in the data. It appears that the streams have a larger
ﬂow angle at earlier times than later however owing to the large errors this is
not conclusive. The only trend we can be conﬁdent about is that the streams
appear to remain roughly constant over time with an average value between
5 and 6º. The stream angle remaining constant was a crucial requirement of
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Figure 5.6: Graph showing the change in ablation angle with time for a number of
wires during a single experiment; the errorbars indicate the standard
error on the measurements.
adapting the experiment from the previous set-up. There might however be
some small ﬂuctuation around this mean value which might represent localised
current ﬂuctuations aﬀected the magnetic ﬁeld. The average ﬂow angle of the
ablation streams agrees reasonably well with estimates using the 12 frame data
and can be used to make an estimate for the magnetic ﬁeld strengths in the
experiment. This degree of ﬂow angle represents a ﬁeld ratio Br=B  0:1. Using
Amperes law to determine the peak azimuthal ﬁeld (peak current 1.4 MA) as 35
T we can infer that the peak radial ﬁeld at the wires is 3.5 T.
5.2 Macroscopic Properties of the Rotating Plasma in
Quasi Equilibrium
The previous section details a qualitative comparison of the experiments to earlier
data and shows a consistency in the cusp ﬁeld (through analysing the ﬂow angles)
that was not achieved in prior experiments. With conﬁdence that we can produce
repeatable experiments using wire formed rods in the coils we can begin to
properly analyse the macroscopic properties of the plasma in a more quantitative
way.
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Wire
Arrays
Wire
Diameter
(m)
Time for
50% mass
ablation
(ns)
0D
implosion
time (ns)
Delayed
implosion
time (ns)
16
Aluminium
30
40
201
229
266
312
274
329
16 Steel 30 260 370 417
Table 5.1: Table showing the 0D ablation time-scales for varying wire types and
diameters. The 50% mass ablation time indicates the time at which
half the wires mass has been turned to plasma. Wire breakage could
occur after this time. The 0D implosion represents the time at which
all mass would accumulate on the axis assuming ablation starts at
t = 0. The delayed implosion is the time if the ablation starts at
t > 0, i.e. because the wire requires time to heat up and vaporise.
5.2.1 Investigation into the eﬀect of the Wire Material on the
Radial Evolution
In the previous sections the data presented has always been produced by ex-
periments using aluminium wire arrays. This was largely because many of the
previous experiments conducted on MAGPIE used aluminium (Swadling, 2012;
Swadling et al., 2013; Lebedev et al., 2014; Harvey-Thompson et al., 2012) which
meant that: (a) we knew aluminium should be collisional enough to produce a
rotating plasma; and (b) there were plenty of baseline results for comparisons.
By investigating the eﬀect of changing the wire type and thickness we aimed to
gain greater insight into the experiment dynamics. One of the key features of in-
terest was if/how the ring collapse observed in previous experiments was related
to the implosion of the wire array. 0D modelling of the implosion trajectories
was used to provide the relevant time-scales for comparison. The diﬀerent wire
types investigated were 30 m and 40 m aluminium and 30 m stainless steel.
Each wire array contained 16 wires and was 4 mm in length; the coils used had a
2=16 turn fraction. The 0D time-scales for these wire-arrays are summarised in
Table (5.1).
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The easiest method for determining diﬀerences in the dynamics is to meas-
ure the radius of the resulting plasma ﬂow (the plasma ring). This was done
by measuring the spatial scales of the plasma from optical emission images (12
frame diagnostic, for example Figure 5.2b) . The diagnostic was set-up to provide
a magniﬁcation of 2.5 (essentially maximum viewable area on the CCD) to
provide the best possible resolution for measurements. The images were taken
starting at 100 ns with 5 ns exposure on a 20 ns interframe for the aluminium
experiments and 25 ns interframe for the stainless steel. For each frame the in-
ner and outer diameter was measured multiple times (along diﬀerent directions)
and then averaged to provide a mean value with standard error. This method of
course assumes the ring is circular which is appropriate at early times but less
so towards the end of the experiments. The averaged diameter is then converted
to radius and this is plotted against time for each of the wire arrays as shown in
Figure 5.7. For each time frame in Figure 5.7 the inner radius is the lower value
and correspondingly the outer radius is the greater value. The last data points
shown indicate the latest time at which an inner and outer edge are measurable;
the exception is the steel results whereby the last data points correspond to the
last image on the diagnostic.
For the aluminium there appears to be very little diﬀerence between the rings
formed by the 30 m and 40 m wires with the general trend showing a similar
pattern. The ﬁrst viewable time of the ring is 150 ns however from previous
calculations we actually expect it to ﬁrst form at roughly 120 ns. The outer radii
start at a high value and steadily decrease to a minimum point after which the
radius increases again. The inner radius on the other hand appears to follow
the trend of the outer at ﬁrst, keeping the thickness (ro   ri) the same, but
then continues this trend to lower and lower values; as opposed to increasing
again with the outer radius. Both experiments have a minimum outer radius of
1.5 mm at 200 ns and increase to a ﬁnal radius of 1.7 mm. The ﬁnal time
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Figure 5.7: Plot of disc radius (mm) vs time (ns) for 30/40 m Al and 30 m
stainless steel wires. At a given time there are a pair of values for
each wire; the lower value represents the inner disc radius and the
greater the outer radius.
before the ring collapses is 30 ns later for the 40 m wires and in both cases
occurs before the predicted implosion time (Table (5.1)). There is a hint from the
40 m experiment that the radius plateaus at late times, perhaps representing
an equilibrium state between the ring pressure and ram pressure, however there
aren't enough data to corroborate this.
The stainless steel experiment shows a very similar trend to the aluminium
except delayed. The images are ﬁrst visible at 190 ns however as the ablation
dynamics are essentially the same it should still form earlier around 120 ns. This
could indicate that radiative cooling is having a greater eﬀect on the plasma as
it prevents the plasma getting hot enough to emit visible light. The time for the
minimum point of the outer radius is also slightly later, at 245 ns, potentially
indicating diﬀerent dynamics to the aluminium experiments; the minimum point
is also at a slightly lower radius of 1.37 mm. As there was no signiﬁcant diﬀerence
between aluminium experiments this could suggests that the observed diﬀerences
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in the radius are due to the material.
Considering however that only 1 stainless steel experiment was ever conduc-
ted makes signiﬁcant comparisons between the wire types diﬃcult. For the most
part it would appear that the experiment dynamics are the same having an ini-
tial contraction and later expansion. A possible explanation for the expansion is
due to what the 12 frame camera can observe. The observation is essentially an
integration of all the visible emission in the z direction of the experiment. This
means that it's possible for the 12 frame to be imaging unconﬁned vertical out-
ﬂows which would move radially away from the axis due to angular momentum.
Whilst it was shown earlier that outﬂows are not signiﬁcant at the early stages of
the experiment they can become so on the later time-scales that we observe the
expansion. This possibility is further hinted at by XUV measurements which,
although showing a generally similar trend, show a typically smaller radius.
An alternative possibility is that radiative cooling could explain the observed
radial trend. For example if the plasma is initially losing temperature, and there-
fore lowering its thermal pressure, then as the the ram pressure from the ablation
is constant the force imbalance could cause the contraction. After the minimum
point the thermal pressure could increase enough to be greater than the ram
pressure forcing the plasma outwards. As there are no constraints on the inner
radius then thermal pressure always causes expansion of the ring towards the
axis. This gives rise to the possibility that the diﬀerence between aluminium
and steel results is a real eﬀect. The steel, being mostly iron, has a much higher
Z (atomic number) than the aluminium (26 vs 13) which means it should be
more radiatively cooled. As such the time to minimum radius could be delayed
compared to the aluminium which could explain the diﬀerence in Figure 5.7. At
this time however this is purely conjecture and further experiments into steel and
other materials are required to assess the role of radiative cooling in the plasma.
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Figure 5.8: Geometry for solving the conservation of angular momentum in the
rotating plasma. R0 is the radius of the wire array, rs the radius
of the standing shock,  the angle of the ablation ﬂow,  the angle
between the incoming stream and tangent to the shock surface, vf
the ﬂow velocity, and v the rotation velocity.
5.2.1.1 Comparison of Measured Radius to Equilibrium Models
The trends for the radial changes observed in Figure 5.7 clearly indicate that
energy is, in some manner, being lost from the rotating ﬂow. If no energy was
lost we would simply expect the ﬂow radius to always increase as more mass is
added to it over time from the ablation ﬂows. Radiative cooling of the plasma
is one potential energy sink however it is also possible for the energy to be lost
through mass. This is because the experiment is not bound along the rotation
axis and therefore mass can be lost as outﬂows; as brieﬂy discussed above. We
can get an idea for how the mass of the rotating ﬂow, in an equilibrium state,
would eﬀect its radius by calculating the equilibrium radius of a standing shock
formed between the rotating plasma and the incoming plasma stream. This is
done by assuming centrifugal force balances the ram force across across the ﬂow
interface and conserving angular momentum (Ampleford et al., 2008). Figure 5.8
shows the geometry for solving the conservation of angular momentum in the
system.
The ﬁrst point to consider is the force balance between the centripetal force
of the rotating plasma and that from the incoming ﬂow. The centripetal force is
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straightforwardly
Fc =
msv
2

rs
; (5.1)
where ms is the mass within the shock and rs its radius and v is the rotation
velocity. The force from the ablation ﬂow is depends on the angle  between the
ﬂow and tangent to the shock surface such that
Ff =
dp
dt
sin  =
dms
dt
vf sin ; (5.2)
where vf is the ﬂow velocity. The ﬂow velocity can be measured from experi-
ments, or estimated from simulations, and can be taken to be constant as the abla-
tion ﬂows follow the rocket model (Lebedev et al., 2001b). The rocket model gives
the mass ablation rate as dm=dt  I(t)2=R0 from which we can calculate the total
accumulated mass in the rotating ﬂow as ms =

(dm=dt) dt. For MAGPIE exper-
iments the current pulse has the form I (t) =

I0 sin
2 !t where ! = =500 (ns). We
are therefore left with three unknowns in the equations and the resulting force
balance equation (Fc = Ff ) is, after rearranging,
v2 =
1

rdvf sin ; (5.3)
where  = ms=dm=dt.
We can now eliminate v from the equations by considering the angular mo-
mentum conservation providing the rotation. The angular momentum for the
incoming ﬂow is simply Lf = mvr which translates to
Lf = msR0vf sin; (5.4)
where  is the ﬂow angle. The angular momentum for the rotating plasma has
the potential to be a little more complicated as it can depend on its shape.
The general form for angular momentum is L = Im! where Im =

dmr2 is the
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momentum of inertia and ! is the angular velocity. If we assume that the rotating
plasma takes the form of a thin hollow cylinder, i.e. the mass is concentrated
near the edge, then Im = msr2. If we were interested in a solid cylinder the
inertia would be 1=2mr2 and for a thick cylinder the inertia is 1=2m(r2inner +
r2outer). A solid body is obviously less applicable to our results than a hollow
cylinder however trying to use the inertia for a thick cylinder makes the maths
unnecessarily complicated and unsolvable unless we can estimate the thickness at
any given time. Therefore using the moment of inertia for a thin cylinder gives
the angular momentum as
Ls = msvrd; (5.5)
which results in the equation for the angular momentum conservation
v = R0vf sin=rs: (5.6)
By substituting the rotational velocity from equation (5.6) into (5.3) and re-
arranging we get the ﬁnal form for the shock radius
r3s = 
R20 sin
2 
sin 
vf : (5.7)
The angle  is an unknown which changes with the shock radius however it
can be solved numerically from geometric calculations based on Figure 5.8. The
equation for gamma is cos3 =sin  = R0 sin=vf which can be solved using the
Newton-Raphson method. With  we can then calculate the shock radius for a
given amount of accumulated mass (at a given time). The results of using the
above equations with vflow = 1:4  106 cms-1, R0 = 8 mm,  = 6, and the
MAGPIE current proﬁle provide the result in Figure 5.9.
We can see from Figure 5.9 that if zero mass is lost the theoretical radius is
slightly larger, although still of a similar scale, to that measured from the 12
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Figure 5.9: Plot of the data from Figure 5.7 overlaid with the theoretical shock
radius formed (calculated from angular momentum conservation) for
ablation ﬂows of 6.
frame. As would be expected if mass was continuously added to the rotating
plasma, and there were no losses, the momentum of the plasma would increase
and cause the radius to grow indeﬁnitely; or at least until the ablation ﬂows stop.
However this model predicts lower radii at early times than we observe. If the
momentum is not providing the observed radius this could imply that thermal
expansion of the plasma plays a greater role in the early time dynamics; it is
too early for vertical outﬂows to be aﬀecting these measurements. Alternatively
interactions of the ablation streams could be resulting in ﬂow dynamics near the
shock radius with a greater ﬂow angle than at the wires. There is no direct
evidence however for this suggestion as observing the ablation ﬂows close to the
plasma ring is diﬃcult due to radiative cooling of the streams.
The general eﬀect of mass loss will be to reduce the total momentum and
therefore the radius of the rotating ﬂow. To account for mass lost through vertical
outﬂows requires a simple change to the equations above. The form of the mass
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Figure 5.10: Radial data from Figure 5.7 overlaid with theoretical shock radius
curves taking into account mass lost as vertical outﬂows. The con-
tours indicate the radii for 0, 40%, and 80% mass loss assuming the
vertical outﬂows begin as soon as the plasma cylinder forms at 120
ns.
in equation (5.3) is changed to (ma  ml), i.e. the accumulated mass from the
ﬂow minus the lost mass. To be thorough the mass term is also changed in the
momentum equations however these still cancel leaving equation (5.6) unchanged.
In an ideal world the mass loss term, ml, would be the integral of some rate of
mass loss over time however we have no reasonable way of determining what
that rate should be. It is more intuitive therefore to interpret the mass loss as a
constant percentage of the accumulated mass ml = ma. This then changes the
equation for the radius to
r3d = 
R20vf sin
2 
sin 
(1  ) : (5.8)
The result for the shock radius including mass loss is shown in Figure 5.10.
The contours shown are for 0, 40%, and 80% mass loss. The mass loss has been
turned on at 120 ns which is when previous calculations predict the plasma
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cylinder ﬁrst forms. The theoretical curves now show more correlation to the
outer radial trend and if these ﬁgures were to be believed would indicate between
a 40% and 80% loss of mass. This is almost certainly a non-physical amount
of loss when we consider that previous experiments have not observed vertical
outﬂows on the time-scales shown. It is interesting however that when the mass
loss is ﬁrst turned on the radial curve shows an initial downward trend. Whilst
not on the same magnitude this is certainly similar to the trend towards a minima
we observe from the data.
What these results appear to indicate is the experiment is close to an equi-
librium state however there are clearly other forces in eﬀect. The potential for
mass loss in the system cannot on its own explain the observed radial dynamics
of the rotating plasma and therefore there must be other factors, perhaps related
to the temperature and ionisation through radiative cooling, that are inﬂuencing
the ﬂow dynamics.
5.2.2 Thomson Scattering Measurements
The Thomson scattering diagnostic was set-up as in Section 3.3 and Chapter 4
to make r;  measurements of the plasma velocity and estimates of the plasma
temperature. The experiments utilised both 8 and 16 wire 40 m aluminium
arrays with a 2=16 coil twist. As in the previous experiments the Thomson
diagnostic was set-up using laser scatter from a vertical pin to align the ﬁbre
bundles. A key diﬀerence from previous experiments was the use of two 14
channel ﬁbre bundles, instead of 7 channel bundles, which had a 100 m ﬁbre
diameter and 250 m ﬁbre separation. Only 27 out of the 28 channels could ﬁt
onto the imaging spectrometer meaning only 13 pairs of ﬁbres could be used for
velocity measurements; the useful length of the ﬁbre arrays is therefore 3 mm.
The resolution from these ﬁbres is 0.25 Å giving a velocity error of 5 kms-1.
The imaging system used an f200 mm lens to provide a magniﬁcation of 1.33
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Figure 5.11: (a) Fibres set-up to probe the rotating ﬂow by aligning symmet-
rically about the axis. (b) Fibres aligned to compare the streams
and rotation by imaging from the centre outwards. Fibre 14 is only
viewable on one ﬁbre bundle due to the size of the spectrometer.
and a ﬁeld of view of 4 mm. This ﬁeld of view was chosen to maximise the data
within the rotating ﬂow (diameter  3 mm) when aligned symmetrically about
the axis. Alternatively the same set-up was used to directly compare the stream
and rotation dynamics by aligning the ﬁbres from the centre outward. The two
imaging alignments are shown in Figure 5.11.
5.2.2.1 Velocity Proﬁle
The initial attempts at measuring the plasma velocity utilised 16 wire arrays as
these experiments have a smoother ablation and ring geometry compared to 8
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Figure 5.12: Line averaged Thomson scattered spectra obtained from an 840
m aluminium wire array, 2=16 coil twist, at 190 ns. Lines 1 to 14
correspond to bundle A in Figure 5.11 and 15 to 27 to bundle B.
Data pairs for velocity measurements are aligned horizontally.
wires. These results however were almost always obscured by the self-emission
spectrum of the plasma and as such 8 wire arrays were typically used for velocity
measurements. The diﬀerence between 8 wires or 16 wires is not thought to
change the results signiﬁcantly as the ablation velocity is the same in both cases.
The results for one such 8 wire (40 m Al, 2=16 coil) experiment are shown in
Figure 5.12 with the data taken at 190 ns.
The spectra in Figure 5.12, taken using set-up (a) in Figure 5.11, show largely
the same trends we observed in the previous Thomson data (Figure 4.16). Either
side of the axis (approximately ﬁbre 7/21) the Doppler shift is in opposite direc-
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Figure 5.13: Thomson scattered velocity measurements of the plasma. (a) shows
the radial (parallel to the beam line) proﬁle and (b) the azimuthal
proﬁle.
tions which is a good indicator for rotation. The data also highlight the diﬃculty
with getting accurate readings from such a small scattering volume (100 m,
the same size as the ﬁbre diameter) even from an 8 wire array. For example the
data from ﬁbres 18-21 show a large amount of self emission however it is just
about possible to measure underlying Gaussian shapes which corresponds to the
Doppler shift of the laser scatter. Data from the opposite bundle is generally
better however uncertainty arises from example ﬁbres 5 to 9 as its unclear if the
plasma emission is drowned out by random laser scatter within the chamber
or a genuine zero shift feature; comparison to the other spectra from bundle A
suggests the features are chamber scatter.
Providing we caveat or disregard the results near the centre (ﬁbres 7/21) we
can use this information to provide rotational data on the plasma ring. From
the ﬁbre alignment we know the scatter point separation equals 0.33 mm and
that ﬁbres 7 & 21 were aligned on the axis. We can therefore plot the velocity
against the experiment radius as shown in Figure 5.13. At the time the data was
taken (190 ns) the plasma ring was measured (using XUV data) to have a central
radius of  1:64 mm and a thickness of 0.55 mm.
Figure 5.13a shows the velocity proﬁle along the beam line (x) while Fig-
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ure 5.13b shows the velocity perpendicular to the beam (y). Provided the beam
passes through the axis the x component measures the radial velocity and the
y component the rotation velocity. For the radial component (Figure 5.13a) we
see that the magnitude of the velocity (ignoring direction for now) is between 20
to 50 kms-1. If we consider that the input stream velocity is >100 kms-1 then
this change in velocity will correspond to a transfer of radial kinetic energy to
rotational motion and heating. The rotational motion can be seen from the y
component of velocity (Figure 5.13b) which shows generally what we expected
to see based on the previous data. Either side of the axis the plasma moves in
opposite directions which indicates rotation. The increased number of ﬁbres also
shows us that the rotation velocity is approximately constant as a function of
radius; we weren't able to determine this previously due to the spatial resolu-
tion available. The speed of this rotation appears to average at 60 kms-1 and
it is worthwhile noting that this is the same on both sides indicating symmetric
dynamics.
For completely symmetric dynamics we would also expect the radial (x) proﬁle
in Figure 5.13a to be directed towards the centre of the rotating ﬂow. It should
be positive on one side of the axis and negative on the other; for the results shown
the bottom right and top left quadrants indicate axially directed motion. Instead
what we observe is plasma apparently ﬂowing in the same direction either side
of the axis. Combined with the fact the rotation proﬁle shows us the expected
trend this suggests that the probing laser was not directed exactly through the
axis as previously thought. This could also explain the diﬀerence in the observed
spectra for the two ﬁbre bundles.
If we take the beam width ( 0:5 mm) as a baseline for how far oﬀ axis
the beam could have been misaligned we can calculate how an oﬀ centre beam
eﬀects the radial and rotation proﬁles. This is done by simply calculating the
rotational transformation of the results required for the new radial positions of
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Figure 5.14: (a) Radial velocity proﬁle with linear ﬁt and (b) azimuthal proﬁle if
the laser beam probed 0.5 mm oﬀ the axis.
the ﬁbres. For ease of comparison we redeﬁne x and y relative to the radial
direction of a data point, x along it and y orthogonal, instead of along the beam
line and perpendicular to it; this maintains the deﬁnition of x and y as the radial
and rotational velocity. The results for the beam probing 0.5 mm oﬀ centre are
shown in Figure 5.14.
We can see that after performing this shift in geometry the radial proﬁle in
Figure 5.14 shows a trend much more akin to what we expect. Baring a few
outliers around -1 mm we can clearly ﬁt a linear trend passing through the
axis which shows the plasma has an axially directed velocity proﬁle.There is
also a slight reduction in the maximum radial velocities to the order of 40
kms-1. The resulting eﬀect on the rotation proﬁle is to leave the trend largely
unchanged however the average measured velocity increases to  75 kms-1. It
is unlikely, although admittedly possible, that the beam passed further than
around half a millimetre from the axis. We can therefore be reasonably conﬁdent
that the plasma is is rotating with a speed in the range 60-75 kms-1. At these
velocities it would take plasma at a radius of 1.5 mm (this is an approximate
radius based on numerous experiments) between 125 and 160 ns to complete 1
rotation. Comparing this to the experiment time-scales derived from 12 frame
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data indicates that matter present at the ring formation could achieve between
0.94 and 1.2 rotations about the axis; this is of course assuming that is not lost
through outﬂow.
5.2.2.2 Measuring the Temperature of the Plasma
In addition to measuring the velocity the Thomson spectra can be analysed to
determine the temperature and ionisation of the plasma. To do this requires
ﬁtting theoretical form factors using the equations detailed in Section 3.3 to the
shape of the observed spectra. The plasma parameters which contribute to the
form factor are the electron and ion temperatures Te and Ti, the ionisation Z,
electron density ne, and the velocity v. The known parameters in the equations
are the velocity, from the Doppler shift of the scatter, and the density, from in-
terferometry, which therefore leaves the ionisation and temperatures as the ﬁt
parameters. Before ﬁtting to the data the form-factor is convolved with the
spectrometer instrument function, given by the 0 Gaussian, and both data and
form-factor are normalised so that the two plots can be correctly ﬁtted. Initial
attempts at calculating the ﬁt were made using a least squares algorithm however
the number of variables to be ﬁt in conjunction with the complexity of the equa-
tions resulted in nonsensical values. It seems that the only reliable technique for
calculating these parameters is a method of trial and error with the ﬁrst guess
values chosen simply from experience of analysing many such spectra. Due to
this method precise measurements of the temperature and ionisation are not feas-
ible however we are reasonably conﬁdent that the ﬁtted values are within a 10%
error. This is based on analysing the change in form factor with ﬁt parameters
which shows that 10% from the chosen values could still provide a reasonable
ﬁt however beyond this range the form factor deﬁnitely does not ﬁt the data.
The spectral density function (form factor) of the Thomson scattered light is
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Figure 5.15: Example of ﬁtting the Thomson scattering form-factor to the data.
(a) shows data from scatter within an ablation ﬂow (blue) overlaid
with the ﬁtted form-factor (red). (b) compares the ﬁtted parameters
to the Saha (red) and Post (green) ionisation curves for aluminium.
The black line shows the curve Z =   Ti=Te where  = Z Te= Ti; bars
indicate ﬁt parameters giving  = 7:2 for the above example.
in general given by
S(k; !) = Sion + Selectron; (5.9)
i.e. a summation of contributions from free electron motion and electrons with
ion correlated motion (also equation (3.27) on page 100). The aluminium plasmas
in these experiments scatter light in the collective regime (scattering parameter
 > 1) which means that the scatter from electrons with ion correlated motion,
because they make up the Debye sphere around the ion, dominates the spectrum.
Although the free electron contribution is present in the spectrum, and included
in the form factor calculations for completeness, it is in-fact unobservable in
our spectra. In some cases this is because the self-emission masks the feature
and in others the electron component would not be in the viewable range of the
spectrometer. As such when discussing the spectra we are only focussing on the
ion feature. An example of ﬁtting to spectra is shown in Figure 5.15.
Shown in Figure 5.15a is a typical spectra scattered from plasma within an
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Figure 5.16: Typical density plot used to make estimates of the plasma density
for spectral ﬁtting.
ablation stream. Only the data in the immediate range of the ion feature is
ﬁtted to as this prevents the self-emission from overly impacting the ﬁt. The
density used for the ﬁtting was 2:5  1018 cms-1 which was determined from
density plots such as that shown in Figure 5.16.
The most obvious feature of the scatter is the double peak structure which
indicates that ZTe  Ti. This is the same as what was observed in the previous
data (Chapter 4) however it was not analysed at the time in. The double peak
structure makes the ﬁtting rather straight forward in this example as the ion
temperature must be low, although it is what alters the curvature of the sides,
leaving only the interplay of the electron temperature and plasma ionisation to ﬁt
the depth and width of the peaks. The ﬁtted parameters yield an ion temperature
of 10 eV, an ionisation of 4 and an electron temperature of 18 eV (ZTe = 72 eV);
within an estimated error of 10%.
There are a couple of methods used to sanity check the parameters to provide
conﬁdence in the results. The ﬁrst is rather straightforwardly to check the result
against previous data for ablation ﬂow temperatures; the results agree very well
with the predicted temperature ranges calculated in Swadling et al. (2013). The
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second method is to check how the ﬁtted parameters relate to the temperature
and ionisation curves of the plasma as shown in Figure 5.15b. The red line shows
the Saha ionisation (Zel'dovich and Raizer, 2002) for aluminium plasma at a
density of 1018 cm-3 while the green shows the Post ionisation (Post et al., 1977)
for aluminium at low temperatures. The caveats to these ionisation curves are
that the Saha curve assumes the plasma is maximally ionised (for a given tem-
perature) whereas the Post curve shows the mean ionisation but is only really
applicable to densities below 1016 cm-3. Therefore we don't expect the data to lie
on either curve but to be somewhere in between. Any ﬁt which produces para-
meters outside these curves is assumed to be non-physical which provides for
easier ﬁtting and greater conﬁdence in the results; we can see from Figure 5.15b
that we have such a ﬁt for the parameters in Figure 5.15a.
Analysing the ablation ﬂows provides a good benchmark for ﬁtting the Thom-
son spectra however the plasma of interest is within the rotating ﬂow. A compar-
ison of the scattered spectra from the rotating plasma and the ablation spectra
are shown in Figure 5.17. Figure 5.17a, the same spectra as in Figure 5.15a, is
from the ablation stream while Figure 5.17b and c are within the rotating ﬂow.
In general the ion spectral features from the rotating plasma are much broader
than from the ablation spectra meaning that the temperature and ionisation must
be higher.
Spectral ﬁtting to Figure 5.17b indicates an electron temperature of 30 eV,
ionisation of 6.5 (ZTe = 195), and an ion temperature of 600 eV. The ion tem-
perature is the dominant factor in this feature indicated by the fact we don't see
the ion-acoustic resonance we would otherwise expect. Fitting to these types of
spectra is more diﬃcult than the standard double peaks leading to a larger error.
For this particular spectrum the parameters above were obtained from primarily
ﬁtting to the right hand side of the curve. If however more emphasis were placed
on the left hand side curve we could equally convince ourselves of ion temper-
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Figure 5.17: Comparison of scattered spectra from: (a) r = 1:92 mm, the ablation
ﬂow close to the rotating plasma - same as in Figure 5.15a; (b) r =
0:62 mm, near the inner radial edge of the rotating plasma; and (c)
r = 1:6 mm, near the outer edge of the rotating plasma. These
spectra were taken at 165 ns. The green Gaussian in (b) indicates
the spectrometer instrument function.
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atures ranging from 500 to 700 eV; i.e. we have approximately a 100 eV error
on this particular measurement. This data shows one of the most broadened
ion features obtained from these experiments representing the highest quoted
temperatures. In general spectra which show this broadening yield a range of
temperatures on scales from  200 to 600 eV.
It is usually more common to observe the double peak structure shown in Fig-
ure 5.17c which corresponds to ion acoustic resonance. These features are similar
to the ablation data but with larger peak separations. Fitting of Figure 5.17c
gives Te = 30 eV, Z = 7 (ZTe = 210), and Ti = 55 eV. For this spectrum
the peaks have been used as the main ﬁt criteria as it is not possible to ﬁt the
peaks and side curvature. This complication is true for many of the ion acous-
tic resonant spectra observed from the rotating plasma; reasons for this and the
implications will be discussed shortly.
Comparing the rotating plasma to the ablation ﬂow we see that the electron
temperature consistently increases to approximately 30 eV and the ionisation
increases to 6 to 7. The ion temperature also undergoes a signiﬁcant increase but
appears to have very diﬀerent values at diﬀerent radii within the disc. Comparing
results from numerous experiments would appear to suggest that, whilst the
electron temperature is roughly always about 30 eV, the ion temperature tends
to increase as the plasma moves from greater to lesser radii.
The observed increases in temperature are expected to occur as a result of
a standing shock formed at the interface between the rotating plasma and the
incoming ablation streams. An oblique shock structure (Section 1.6) would also
aid in producing the rotational motion of the plasma. It was previously stated
that predicted ionisation curves were used to ensure that validity of the ﬁtting
but we can now also use shock physics to analyse the resulting temperatures.
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The shock jump condition is (Drake, 2006)
1 + Z =
Amp
kBT
U2s
2(   1)
( + 1)2
; (5.10)
where  is the adiabatic index and Us is the velocity of the plasma into the shock
front; other parameters have their usual meanings. We can use this equation to
plot the temperature with gamma relation for the shock dependent on particular
Z values. This is shown in Figure 5.18 for ionisations ranging from 4 to 8; these
values were chosen as the input ionisation from the ablation ﬂow is  4, and
the ionisation is unlikely to decrease across the shock, and the range of ionisa-
tions measured in the rotating plasma is 6-8. The green section indicates the
parameters for a shock velocity Us = 140 kms 1 while the blue area assumes
Us = 100 kms 1; the ﬁrst value is the maximum possible velocity (as measured
from Doppler shifts) if the incoming stream is normal to the shock front while
the second is for an oblique shock at an angle of 10, i.e. the ablation angle for
an 8 wire array.
Assuming the plasma acts as an ideal gas with adiabatic index  = 5=3 then, de-
pending on the velocity, the possible range of achievable temperatures is between
60 eV and 205 eV. A far more realistic estimate for  in these experiments however
is  = 1:1 (Swadling et al., 2013) in which case the temperature range is even
lower at 15 to 50 eV. The lower temperature range agrees rather well with the
observed electron temperatures from the Thomson scattering measurements and
even with some of the ion temperatures like those in Figure 5.17c. The temper-
ature observed in Figure 5.17b however is anomalously high based on any shock
heating estimate which leads to two possible conclusions.
The ﬁrst is that the temperature is not real and instead these types of broadened
features represent a macroscopic spread of plasma velocities within the scattering
volume. For the eﬀective temperature measured in Figure 5.17b the range of
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Figure 5.18: Graph showing the temperature increase across a shock for a given
 and Z. The green area shows possible temperatures assuming a
shock velocity of 140 kms 1 and the blue area for a shock velocity
of 100 kms 1. In both cases the ﬁlled areas represent the range in
which Z value contours can be assuming a maximum of Z = 8 and
minimum of Z = 4.
possible velocities would be 60 kms 1. Further evidence for broadening due to
a range of velocities can also be seen in the ion acoustic resonant scatter. As
shown in Figure 5.19 it is not always possible for the ion acoustic spectra from
the rotating plasma to be ﬁt as well as can be achieved for ablation ﬂow spec-
tra. Fitting to the double peaks results in electron and ion temperatures similar
to shown above however this result does not appear to ﬁt the curvature of the
feature (Figure 5.19a). Fitting the curvature requires increasing the ion temper-
ature, but not ZTe, however this results in a spectra with no peaks. This could
imply a range of plasma velocities around the mean bulk motion of a scattering
volume but on a much smaller scale than observed in the very broad, non res-
onant, spectral features. The implication of a macroscopic range of velocities is
that there is some vorticity in the ﬂow.
The alternative conclusion is that the observed temperature is in fact real and
therefore implies heating of the plasma through some other mechanism than shock
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Figure 5.19: Possible evidence for a spread of velocities in the ion acoustic spectra
from the fact it is not possible to ﬁt both the peaks and curvature
of the spectra. (a) shows the results of ﬁtting to the peaks while (b)
shows ﬁtting to the sides.
heating. This could be achieved if the rotating plasma is turbulent and it is worth
noting that the two conclusions just presented are not mutually exclusive; in fact
vorticity leads to turbulence. Whether the data is an indication of turbulent
heating or vorticity (or both) we will see in the next section that there does
appear to be turbulence within the rotating ﬂow.
5.3 Small Scale Structures within the Rotating Flow
In order to better proﬁle the rotating plasma ring, in an attempt to observe small
scale structures which might be a result of turbulence, end-on XUV imaging was
used to provide high resolution images of the experiment. XUV imaging ensures
that only the hottest parts of the plasma, which emit x-rays, are imaged; this is
particularly beneﬁcial for ensuring that vertical outﬂows are not interfering with
the results. The XUV camera was set-up as described earlier which provided a
minimum photon detection threshold of 20 eV. For some experiments however a
2 m polycarbonate ﬁlter was used to increase the minimum energy requirement
to 100 eV. Assuming that the plasma radiates as a blackbody (which is a gross
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Figure 5.20: Temporal evolution of the rotating plasma ring shown by XUV im-
ages. The top row is unﬁltered, showing the ring from Figure 5.3,
while the bottom row used 2 m polycarbonate ﬁlter.
over-simpliﬁcation) then these photon energies would correspond to minimum
plasma temperatures of 6 eV and 20 eV respectively. A comparison of unﬁltered
and polycarbonate ﬁltered XUV data is shown in Figure 5.20.
We see that at the earliest times of the rotating plasma ring it is rather uniform
and appears to have an almost perfect circular structure. As time progresses the
ring clearly becomes perturbed starting with what appears to be 2 modes at
175 ns and then developing more perturbed modes over time. This pattern is
also observed in the ﬁltered XUV images shown and in many more XUV results
indicating that this is a highly reproducible eﬀect. The caveat to this is that these
perturbations are only observed from 16 wire experiments. In 8 wire experiments
it appears that an initial uniform state is never achieved so it is impossible to
tell what is a developing perturbation and what is a structure produced by non-
symmetric ablation ﬂows.
We can attempt to quantify the development of these structures by taking
intensity proﬁles of the images. The intensity is measured along lines of the
data (called a line-out after the Matlab function used to get the intensity from
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Figure 5.21: XUV image of the plasma at 185 ns (as shown in Figure 5.20) overlaid
with (a) radial line-outs and (b) azimuthal line-outs. The blue line
in (a) indicates the 0 line.
the image) either in the radial direction or azimuthal. The radial line-outs are
taken over a 5 mm diameter every 10 while the the azimuthal line-outs are taken
over 360 at radial intervals of 0.25 mm. Examples of the line-outs are shown
in Figure 5.21. Determining the central point around which to take the line-outs
was achieved by ﬁtting circles to the observed ring and using Thales' theorem to
determine the centre of those circles and taking the average.
The radial line-outs produce proﬁles such as shown in Figure 5.22 which allow
us to determine the radius of the plasma ring; this is done by ﬁtting Gaussian
proﬁles to the intensity peaks. The radius measured from the line-out should
correspond to the hottest part(s) of the plasma and therefore measuring the
radius at regular intervals in an image should provide information on azimuthal
variations in the plasma ring at a given time.
Applying this technique to the XUV images such as those shown in Figure 5.20
yields radial proﬁles such as shown in Figure 5.23. The error bars shown cor-
respond to the Gaussian ﬁt error. In Figure 5.23a we see the average radius of
the ring at 145 ns ﬂuctuates around a mean value of 1:8 mm although it is
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Figure 5.22: Typical radial line-out for a given angle on an XUV image. Gaussian
ﬁts determine the radius of the ring. This particular proﬁle corres-
ponds to the 10 measurement of the plasma ring at 145 ns shown
in Figure 5.20. The limit of the y-axis shows the saturation level.
interesting that what appears to be remarkably uniform in Figure 5.20 in fact
has a modulated structure; detecting previously unobserved structure was the
primary reason for conducting this analysis. The anomalously large radius at ap-
proximately 130 is likely due to the plasma streams along this angle impacting
the measurement. Even taking into account these anomalies it seems there is a
4 fold pattern to the r2 data and 3-4 fold to r1; r1 and r2 correspond to the
measurements either side of the axis. There are two possible explanations for this
structure. Firstly that pixelation of the CCD could be imparting a square sym-
metry onto our measurements which would therefore lead to a symmetric (either
side of the axis) 4 fold modulation. Alternatively the ablation streams could be
seeding large scale perturbations within the plasma which are observable as early
as 145 ns;  25 ns after the estimated formation time. In this situation we would
again expect to see an even number of perturbations due to the even number
of wires used in the experiment. We might naively expect there to be 16 such
perturbations however the exact ablation structure onto the disc is not known as
radiative cooling of the plasma prevents imaging of the streams at early times.
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Figure 5.23: Radius as a function of azimuthal angle for the rotating plasma at
(a) 145 ns and (b) 205 ns. The XUV images used are shown in
Figure 5.20.
We can attempt to gain further insight by looking at the evolution of azi-
muthal structures later in time. The radial plot for the plasma from the same
experiment at 205 ns (60 ns later) is shown in Figure 5.23b. The mean radius
has decreased by this time to 1:45 mm which matches the observed radial trend
in the 12 frame data. It also appears that at this time also the plasma has azi-
muthal perturbations on the same order as previously but again, without further
information, these could be from either of the explanations presented earlier. We
can however use a simple method of join the dots to compare the perturbations
between the two times.
If we look at how the perturbations between 145 ns and 205 ns compare in
Figure 5.24, during which time our measurement has switched between r1 and
r2 due to rotation, we see some striking similarity. Of course the angular trends
don't line up exactly but this is expected due to the radial decrease. It is perhaps
surprising that there is any correlation at all but we can see that the wavelength
of the perturbation is very similar and the most distinct feature, the large dip
from 120 to 140 on r1 at 145 ns (Figure 5.23a) is almost identical to the feature
we see at 100 to 120 on r2 at 205 ns (Figure 5.23b). The time diﬀerence between
the images is 60 ns which, using a velocity of 70 kms-1 (within the velocity range
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Figure 5.24: Same graphs as in Figure 5.23 with the line proﬁles from 145 ns
overlaid on the data at 205 ns.
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discussed previously), corresponds to 49
ths of a rotation. This corresponds to an
angular rotation of 160which is precisely the angular diﬀerence we measure (130
on r1 to 110 on r2 gives  = 160). This could be evidence that azimuthal
structure within the plasma is seeded at the early time of ring formation and
then maintained as mini regions that move with the rotation. It is also entirely
possible that this is coincidence and as such further work is required to investigate
the evolution of these perturbations from early to late time.
Further insight into the small scale structure of the rotating plasma is obtained
from azimuthal line-outs which can be used to simultaneously show azimuthal
and radial variations. The azimuthal line-outs as a function of radius for the
XUV data in Figure 5.21b are shown in Figure 5.25. At the outer radii of the
ring, the areas closest to the formation boundary, we see a large scale sinusoidal
pattern with a wavelength on the order of 180. This is remains approximately
the same but increasing in intensity from 2 to 1.5 mm. At 1.25 mm we see some
more interesting structure in the form of two smaller perturbations around 2.5
rads where previously there had been one. The next proﬁle at r = 1 mm catches
the inner edge of the ring and no longer shows the two previous features but there
does appear to be a new one at 4.25 rads. The change in the intensity proﬁle
as we measure from larger to lesser radii indicates a non symmetric change in
the rotation dynamics as the plasma moves from the outer boundary towards the
axis.
The results of XUV imaging and intensity line-outs indicate there is more to
the plasma dynamics than simply its formation and rotation. These dynamics
are clearly very small in scale and taken in context with the Thomson data
could be the result of turbulence. The radial line-outs suggest the driving force
could be the boundary between the rotating plasma and the ablation streams
and the azimuthal line-outs indicate further developments closer to the axis. The
potential development of turbulence will be discussed further in the next chapter.
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Figure 5.25: Azimuthal intensity at diﬀerent radii along the line-outs shown in
Figure 5.21b for Polycarbonate ﬁltered data at 185 ns.
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5.4 Summary of Rotating Plasma Dynamics from
Cusp Field Z-Pinches
This chapter has demonstrated the development of cusp ﬁeld z-pinch experiments
in obtaining highly accurate and reproducible results of rotating plasma ﬂows.
The evolution of the plasma was shown to be largely the same as demonstrated in
the previous chapter but with a much more consistent ablation structure leading
to the initial formation of a uniform plasma ring; provided a suﬃcient number
of wires, in this case 16, are used. Comparing the observations to numerical
simulations shows that the ring exists in a quasi-steady state for  150 ns. Taking
a further look at the development of the plasma through optical imaging showed
that its radius did not follow the expected trend for accumulating mass in the
disc. The almost parabola like radial changes showed there must be a source
of energy loss in the experiment whether that be from mass ejection vertically,
radiative cooling, or a combination of both.
Using Thomson scattering measurements, in the same manner as in the pre-
vious chapter, further conﬁrmed that the plasma ring rotates. The increased
resolution provided by the additional ﬁbres, with smaller diameters than used
previously, showed that the plasma maintains a constant rotation velocity at
all radii; the mean value for the velocity was determined to be in the range 60
to 75 kms-1. At this velocity the plasma present at the ring formation would
complete on the order of 1 rotation. Further analysis of the Thomson scatter
yields results on the temperature of the plasma. The jump in temperature and
ionisation from the ablation streams to rotating plasma is thought to be due to
a stationary shock at the interface between the ﬂows. Using shock heating as a
guide for realistic temperatures we also observe evidence of anomalously high ion
temperatures which imply areas of vorticity within the rotating plasma; these
areas are typically closer to the inner edge of the ring.
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Analysing the XUV intensity along radial and azimuthal lines reveals perturbed
small scale structures within the plasma ring. The azimuthal structures appear
to be consistent in time and move with the rotating ﬂow whereas radial perturb-
ations appear to grow in number when moving from greater to lesser radii. These
results are a fair indication that turbulence could be the source of the vorticity
observed in the Thomson data which will be discussed in further detail in the
next chapter.
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6 Astrophysical Relevance and
Turbulence
6.1 Relevance of Experimental Results to Accretion
Disc Physics
Section 1.4 demonstrates that one of the principle unknowns of accretion discs
is the mechanism for angular momentum transport through the disc. If we are
to be conﬁdent that the experiment is providing insight into these mechanisms
then we must be conﬁdent that we are indeed simulating an accretion disc and
not some other phenomenon.
In the following the astrophysical relevance of the experiments are discussed
however this is also compared with numerical simulation where appropriate. This
is because provided that the simulation is accurately representing our experiment
then its results can be used to provide data which might otherwise be unobtain-
able from the experiment. In the following results reported as simulated are
obtained from Bocchi et al. (2013a); similar work was also presented in Bocchi
et al. (2013b) however this was for diﬀerent materials and set-up meaning there
is less applicability to the results of the previous chapter.
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6.1.1 General Morphology
The ﬁrst, and easiest, comparison to make to accretion discs is in the overall
morphology of the experiment. Unfortunately however the morphology is the
aspect of the experiments which have least similarities to an astrophysical disc.
The problem any accretion experiment must acknowledge is there is no sub-
stitute for gravity. In this way all experiments will, by necessity, be diﬀerent
to an accretion disc. The most that can be achieved is to provide an eﬀective
acceleration which acts in the same direction as gravity. In a Taylor-Couette ex-
periment for example the acceleration is purely from the rotation and the ﬂuid ﬁlls
a cylindrical container preventing expansion due to the rotation. In our plasma
experiments interactions will give rise to a centripetal acceleration through the
induced rotation however the principle acceleration is provided by the ram pres-
sure from the jets. This ram pressure acts to constrain the plasma in the r; 
plane which is morphologically very diﬀerent to a disc accreting under gravity.
Furthermore the result of creating and containing the plasma with the ram jets
is the formation of shocks at the boundary between the ablations streams and
the rotating plasma.
On the one hand provided that the shock structures between the ablation ﬂows
and the rotating plasma ring are suﬃciently uniform and curved then it could be
argued that this boundary is ostensibly no diﬀerent to the container wall in ﬂuid
experiments. On the other the boundary between the ﬂows and rotating plasma
could in fact be the source of more interesting plasma dynamics, which will be
explored in further detail in Section 6.2, with the shock structures produced at the
ﬂow-ring boundary morphologically similar to accretion processes in cataclysmic
binaries. In an accretion system there are two classes of accretion shocks as
shown by Figure 6.1. The impact of the inner edge of the disc onto the surface of
the orbited star (Krauland et al., 2013b), usually facilitated by magnetic ﬁelds,
or the impact of an accretion stream onto the disc (Armitage and Livio, 1998;
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Figure 6.1: Diagrams showing a generalisation of accretion shocks.
Kunze et al., 2001; Truss, 2007). The later morphology would be almost directly
analogous to the shocks formed at the boundary between the ablation ﬂows and
rotating plasma however there is the added caveat that in the experiment there
are N (number of wires) such streams rather than just one.
As the ram pressure from the ablation ﬂows only acts in the r;  plane of the
experiment there are no constraints on the rotating plasma in the axial direction.
The internal pressure of the plasma therefore acts to push the plasma axially
and form vertical outﬂows. This was of course expected from the design of
the experiment as discussed in section 1.5.2. While some accretion discs can
develop outﬂows of gas/plasma in the form of jets, particularly when orbiting
black holes, the mechanisms through which they are generated are not thought
to be hydrodynamic and instead arise due to magnetic ﬁelds (Kato et al., 2004).
The key issue here is not how similar the outﬂows are, because it is unlikely that
these outﬂows have an astrophysical analogue, but that they cause mass to be
lost from the system. Jet mechanisms in discs allow for the extraction of mass
from an accretion disc as does the ﬁnal accretion onto the compact object; thus
mass loss from the disc is an inherent part of an accretion process.
It should be noted however that vertical outﬂows from the plasma were not
observed until late in the experiments, well after the time that many of the dia-
gnostics probed the plasma, when the wire array was typically in or approaching
its implosion phase. As has been made clear throughout the late times of the
experiment are not investigated for the very reason that implosion dynamics ad-
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versely aﬀect the experiment. The lack of early time outﬂow is also supported by
the numerical simulations of Bocchi et al. (2013a) which show small scale plasma
expansion beyond the wire array height as early as 150 ns but no signiﬁcant out-
ﬂow until > 250 ns. This however is also where the dynamics of the experiment
and simulation deviate. For the wire arrays used in these experiments the time
at which the experiment starts to collapse to the axis due to implosion eﬀects
is on the order of ? 250 ns whereas the simulations never collapse due to the
use of over-massed wires; i.e. the wires are too thick to be imploded by the
generator current. Based on the experimental and simulation results it is there-
fore unlikely that outﬂows present a signiﬁcant morphological diﬀerence in the
attempt to model a rotating disc.
The ﬁnal morphological diﬀerence to consider is the dimensions of the exper-
iment. The height of the wire array is  4 mm which, baring vertical motion,
sets the height of rotating plasma. The end-on results from the previous chapter
show that the central radius r  1:5 mm giving an aspect ratio H=R = 2:66. This
is another morphological diﬀerence to an accretion disc, especially those termed
thin discs described in Section 1.4, for which H  R. Even for thick (or tori)
discs, the dynamics of which are still poorly understood (Frank et al., 2002), the
aspect ratio is  1. From the current understanding of thick discs it is interesting
however that jet production is intrinsic in the hydrodynamic theory and requires
no additional assumptions; a reason perhaps to more closely study the experi-
ment outﬂows. The increased height of the plasma compared to its radius could
imply there are axial dynamics which might not be present in an accretion disc.
There are however two points to consider with regards to axial dynamics. Firstly
that, as indicated by the time-scales of the axial outﬂows, the axial motion of
the plasma would appear to be quite slow especially when compared to the r; 
dynamics. Secondly that, as discussed in Section 2.2, the ablation ﬂows at the
point of precursor formation are quite uniform in the axial direction. This should
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Figure 6.2: Comparison of experiment rotation proﬁle to Keplerian rotation.
mean that, at least from an initial conditions perspective, the experiment is axi-
ally symmetric and therefore the r;  dynamics should be the same regardless of
the height of the experiment.
6.1.2 Rotation Proﬁle
As discussed in Section 1.4 a crucial aspect of an accretion discs dynamics is its
rotation proﬁle. This is because it not only determines the discs orbital motion
but is also directly linked to the transfer of angular momentum through the
disc. The gravitational aﬀect on an accretion disc is to give it an approximately
Keplerian orbital motion with angular velocity 
Kepler / r 3=2. Correspondingly
the angular velocity decreases with radius but the angular momentum, / r2
,
increases with radius. The rotation therefore allows for an outward transfer of
angular momentum and a corresponding inward motion of matter.
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Figure 6.2 shows the angular velocity, 
exp = v=r, for the data (red squares)
provided by Figure 5.13 on page 158. The data either side of the experiment axis
has been plotted onto the same (positive) radial and velocity axes to allow easier
interpretation. The data in Figure 5.13 shows an essentially constant rotation
velocity, between 60 and 75 kms 1, which is reﬂected in a simple r 1 relation
for the angular velocity. An r 1 ﬁt to the data is shown by the blue line in
Figure 6.2 whilst a Keplerian rotation curve, calculated using the same constant
of proportionality to scale appropriately to the data, is shown by the green line.
Alternative powers, and combinations of powers, of r were also tested however
an r 1 ﬁt was found to have the best agreement.
The green line makes it clear that the data does not have a Keplerian proﬁle
however given that there is no control in the experiment over the rotational
dynamics, unlike for example in the ﬂuid experiments of Ji et al. (2006), this
was never likely to be the case. What is important is that the angular velocity
has a similar decreasing trend with radius and that the angular momentum,
r2
exp; therefore increases with radius. Crucially therefore the rotating ﬂow in
the experiment could allow for the outward transport of momentum and the
inward transfer of mass which is directly analogous to accretion disc dynamics.
There is however a caveat to the relevance of the rotation imposed by the life-
time of the experiment. Based on the radius of the rotating ﬂow,  1:5 mm, and
its rotation velocity,  60 to 75 kms 1, it can be approximated that the plasma
could, at most, complete approximately one rotation before the experiment col-
lapses. This is morphologically very diﬀerent to an accretion disc which in most
instances has an indeﬁnite lifetime and completes many (hundreds or thousands)
rotations while viscous processes re-distribute mass and momentum. The mech-
anism for these viscous processes is of course one of the unanswered questions on
accretion discs. If however the transfer dynamics are the result of shear ﬂows, or
more generally turbulence, then achieving a large number of rotations isn't ne-
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cessary as, for large Reynolds numbers, the growth factor scales as v=r (Ryutov,
2010; Landau and Lifshitz, 1987) and a single rotation represents suﬃcient time
for signiﬁcant growth.
The plasma rotation therefore provides the relevant velocity and momentum
dependence on radius as well diﬀerential rotation, as indicated by the r 1 pro-
ﬁle, which could facilitate the development of shear ﬂows to transfer mass and
momentum. Whether shear ﬂows can develop, and ultimately if the experiment
is indeed probing similar physics to an accretion disc, can be determined by
calculating the dimensionless scaling parameters of the plasma.
6.1.3 Dimensionless Scaling
It is a well known principle of astrophysical scaling that not all parts of the
experiment need to be scaled exactly. Instead it is only necessary to choose
a part of the astrophysical process to simulate and be conﬁdent the initial and
boundary conditions are creating an appropriate system. The initial conditions in
these experiments are obviously very diﬀerent to the morphology of an accretion
disc however the rotating ﬂow which is created has dynamics that are relevant
to accretion studies. In the following we asses whether the plasma also simulates
the appropriate physics through the analysis of dimensionless scaling parameters.
This discussion will also include some comparison to simulation results (from
the GORGON code) as well as use of these results to provide parameters that
could not be calculated from experimental data. For reference a summary of the
various dimensionless parameters for experiments and accretion discs is shown in
Table (6.1).
6.1.3.1 Mach Number/Flow Dynamics
The ﬁrst parameter of interest is the Mach number of the ﬂow, M = v=cs (equa-
tion (1.19)), which determines how fast the plasma moves with respect to its
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System M Re Rem Pe 
Ablation
Stream
6! 8 5 106 102 2 102 -
Rotating
Plasma
2
105 !
106
101 !
102
1 102 -
Simulated
Experiment
5 107 2! 5 103 5
X-ray Binary
Disc
1 109 4 1011 4 10 1 8 101
AGN
Disc
101 7 107 6 1019 610 12 3 10 8
Table 6.1: Scaling parameters for laboratory and astrophysical systems; astro-
physical entries provided by Castor (2007). An empty entry means
the parameter is not known. In order the parameters are: Mach num-
ber; Reynolds number; Magnetic Reynolds; Peclet; plasma Beta. The
range in rotation parameters arises due to uncertainty in the rotation
velocity.
sound speed. The sound speed is given by
cs =

ekBZTe + ikBTi
mi
 1
2
; (6.1)
where mi is the ion mass and e;i is the adiabatic index of the electrons or ions.
In many plasmas, particularly collisionless plasmas, the electrons are much hotter
than the ions and therefore the second term is dropped (Huba, 2007) however this
is not the case in these experiments whereby Te and Ti are of similar magnitude;
hence the use of the full sound speed. The adiabatic index can vary somewhat
with temperature and ion density however for aluminium plasma at ion densities
on the order 1018 cm 3 (estimated only, there are no direct measures of ion
density in the experiments) it falls in the range 1.1 - 1.4 (Swadling et al., 2013;
Drake, 2006). As the electrons and ions typically have similar temperatures the
same value for e = i = 1:12 was used in the calculations. Using equation (6.1)
the Mach numbers for the ablation streams and rotating plasma are calculated
with the temperature and ionisation provided by ﬁtting to Thomson scattered
186
6.1 Relevance of Experimental Results to Accretion Disc Physics
spectra; for example Figure 5.17.
The ablation from the aluminium wires is characterised by relatively cool (com-
pared to the rotating/precursor plasma) electron and ion temperatures and very
fast ﬂow velocities up to 140 kms 1. The low temperatures give rise to a cor-
respondingly low sound speed on the order of 20 kms 1 and a resulting Mach
number  7. Variations in temperature and velocity over multiple measurements
give rise to a deviation of  10% which agrees very well with previous estimates
for aluminium Mach numbers of 6 ! 8 (Swadling et al., 2013). It is the highly
supersonic nature of these ﬂows which give rise to the many shock structures
observed in wire array experiments.
As the plasma transitions, across a shock, into the rotating plasma the temper-
ature increases signiﬁcantly giving a higher sound speed on the order of 30 kms 1;
in this and following calculations we only use the real measured temperature as
opposed to the eﬀective thermal temperature from a spread in velocities. We
consider here only the rotational motion which is signiﬁcantly slower than the
ablation ﬂow, v = 60 ! 75 kms 1, but is still supersonic with a Mach number
 2. There is good agreement of these results with simulation which also show a
rotation velocity  60 kms 1 however a slightly higher Mach number  5. The
higher Mach number is likely due to an underestimation of the temperature of
the plasma in the simulation.
In an astrophysical context accretion discs are expected to be supersonic, min-
imumM = 1, and can range to the orderM  10. The low Mach numbers found
in these experiments are therefore suﬃcient to be relevant to most accretion discs;
except for those experiencing incredibly large gravitational forces which are likely
to be relativistic.
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6.1.3.2 Plasma Viscosity
One of the key unanswered questions of accretion discs is the mechanism(s) for
providing the so called anomalous viscosity responsible for the transport of mass
and angular momentum. It is therefore important that experiments attempting
to probe accretion physics are within the same viscous regime. The parameter
which determines the role of viscosity in the plasma (or more generally any ﬂuid
like body) is the Reynolds number Re = Lv=; this determines the role of inertial
to viscous forces. The viscosity of the ions is assumed to dominate the plasma
and is given by (Ryutov et al., 1999)
i(cm2s 1) = 2 1019 [Ti(eV)]
5=2

p
AZ4ni(cm 3)
; (6.2)
where  is the coulomb logarithm ' 6 and A is the atomic number. The ion
density in the experiments is however unknown and is therefore approximated as
ne=Z; this should be suﬃciently accurate for order of magnitude estimates.
The Reynolds number of the rotating plasma is of a similar magnitude, al-
though always lower, to the ablation ﬂows and lies in the range 105 to 106. The
variation in the Reynolds number arises from the choice of input parameters to
the equation. The focus here is on the scale length used which can range from
the radius,  0:2 cm, to the circumference of 1 rotation,  1 cm, and also the
uncertainty in the measurement of the rotation velocity v.
The Reynolds numbers calculated in this experiment compare favourably with
simulations which predict Re = 107. It should be noted however that the simu-
lated Reynolds number is what is predicted to be achievable from physical exper-
iments. The actual Reynolds number of the simulation is given by the eﬀective
numerical Reynolds number (Ciardi et al., 2008; Goodson and Winglee, 1999),
set by the cell size used in the calculations, which is closer to 103. The ex-
perimental Reynolds numbers are also of a similar magnitude to high viscosity
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accretion discs such as AGN's (Re = 7 107). Less viscous accretion discs how-
ever have far larger Reynolds numbers ranging from 109 (XRB's) to 1014 (Close
Binaries) which represent parameter ranges which cannot be achieved by these
experiments. It might however be possible for experiments using heavier materi-
als, which will be more radiatively cooled and therefore have lower temperatures,
to probe higher Re ﬂows more akin to these discs; this would also be aided by
faster ablation ﬂows which occur from heavier materials (Esaulov et al., 2012).
The exact value of the Reynolds numbers in these cases is of course not very im-
portant as for both experiment/simulations and astrophysical discs Re 1. We
can therefore be conﬁdent we are probing the correct viscous regime. Somewhat
more important is that the Reynolds number in the experiment is signiﬁcantly
above the threshold (critical Reynolds number) for the Kelvin Helmholtz instabil-
ity (103) and shear ﬂow turbulence (104). Given the diﬀerential/sheared nature
of the rotating ﬂow we can therefore reasonably expect vortices to develop which
is explored in further detail in Section 6.2. We can inversely use the concept of
the critical Reynolds to determine the spatial scales at which the Euler similarity,
and therefore the applicability of our scaling, breaks down; i.e. determine the
size of the smallest vortices which are still dynamically similar to the astrophys-
ical case. The viscous eﬀects on the vortices becomes signiﬁcant when the scale
length (Landau and Lifshitz, 1987; Ryutov et al., 1999)

h
<

Re
Recrit
  3
4
; (6.3)
where  = 1=k = =2 and h is the characteristic (global) scale which we take as
the maximum diameter of the experiment  0:4 cm. Coincidently this is also
the height of the experiment which therefore also satisﬁes the assumptions made
in accretion theory that turbulent eddies are not larger than the disc thickness.
Taking the upper limit of the experiment, Re = 106, gives a vortex size approx-
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imately 20 m. Below this scale the Euler similarity breaks down and viscous
processes dominate the dynamics. At scales above this limit the speciﬁc value
of the Reynolds number is not signiﬁcant and viscous dissipation does not aﬀect
the dynamics.
6.1.3.3 Role of Magnetic Fields
As discussed in the introduction a possible mechanism for turbulence, and the
resultant transport of mass and momentum, is the magneto-rotational instability
(MRI ). For this instability to manifest requires that the magnetic ﬁeld be frozen
into the plasma and consequently advected with the ﬂow. To determine the
role of magnetic advection versus diﬀusion, which would dissipate the ﬁeld and
prevent growth of the instability, it is useful to calculate the magnetic Reynolds
number Rem = vh=Dm which for accretion discs is incredibly large at > 1011;
this is largely as a result of the incredibly large spatial scales which accretion
discs cover. The magnetic diﬀusivity depends on the conductivity of the plasma,
which in turn depends on the temperature and ionisation, and can be simpliﬁed
to (Ryutov et al., 2000; Remington et al., 2006)
Dm
 
cm2s 1
  1:5 106 Z
[Te (eV)]
3=2
: (6.4)
In contrast to the astrophysical case it is the temperature, and velocity, of
the plasma which dominates the calculation of Rem however the result is still
that Rem  1. The experiment yields Rem in the range 20 to 100 which is
signiﬁcantly larger than the 2 to 5 reported from simulations. Again this is
because the GORGON code likely underestimates the temperature of the plasma.
The magnetic Reynolds is equally high in the ablation ﬂow which is a good
indication that magnetic ﬁeld near the wires is advected with the ﬂow. Other
experiments have also conﬁrmed that magnetic ﬁeld advection is expected from
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wire array ablation (Aleksandrov et al., 2009; Greenly et al., 2009; Swadling et al.,
2014b) and we therefore expect a mostly toroidal ﬁeld to be advected with the
ablation and frozen into the rotating ﬂow. It is also possible that due to the cusp
magnetic ﬁeld conﬁguration in the experiment there will be components of the
advected magnetic ﬁeld in the radial and axial directions.
The role of magnetic ﬁelds on the experiment dynamics can be further quanti-
ﬁed by the plasma beta,   p=B2, which determines the ratio of plasma pressure
to magnetic pressure. In this regard there is less consistency between various
types of accretion discs and therefore a more restricted scope of applicability of
the experiment. For small discs around binary systems  is between 1 and 10
however for larger discs, such as orbiting AGN's, this drops to 10 8. This is
because the magnetic ﬁeld is of approximately the same magnitude however the
density and pressure is signiﬁcantly lower in these phenomena. The plasma beta
in the experiment has not however been calculated because the magnetic ﬁeld was
not measured and therefore we must rely on the simulation results for insight.
GORGON simulations predict a plasma beta up to 5 for the rotating plasma
which compares favourably with the small disc example whereby a weak ﬁeld
does not impact the plasma dynamics. Assuming that the  in the experiment is
also of a similar magnitude then we can be conﬁdent that the magnetic ﬁelds are
not impacting the global dynamics of the plasma however it could be the case
that magnetic ﬁelds play a role in local dynamics; in for example establishing
an MRI type instability which only requires a weak ﬁeld.
Based on the magnetic Reynolds and plasma beta calculations it is therefore
possible, although only conjecture at this time, that the experiment could be
probing physics relevant to MRI studies.
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6.2 Possibility for Turbulence in the Rotating Flow
The previous section has shown that the rotating plasma ﬂow observed in the
experiments is dynamically similar to the rotation of an accretion disc. This
gives rise to the possibility of momentum and mass transport also occurring
which would require some form of turbulent motion. Due to the diﬀerential
rotation of the ﬂow it is thought that any such turbulence arises due to shear
ﬂow instabilities. Furthermore if there is turbulent motion in the experiment
this would be of interest beyond astrophysics as, to the authors knowledge, there
are no dedicated experiments studying curved shear ﬂows in plasmas. In the
following we discuss, as far as possible, the evidence for turbulence provided by
the XUV and Thomson data.
6.2.1 Viscous Diﬀusion of the Plasma
If we are going to assert that the structures observed in the XUV data are due to
turbulent motion then we need to be conﬁdent that the features are formed on
time-scales faster than could be achieved by viscous diﬀusion of the plasma. To
determine this we can apply the same treatment used to determine the viscous
spreading of an accretion disc.
The density distribution of a thin accretion disc at various times, calculated
using equations in Frank et al. (2002), is shown in Figure 6.3. The eﬀect of
viscosity is to therefore spread the mass of the disc from its initial distribution
over a radial distance R in a characteristic time
tvisc  R
2

; (6.5)
provided that the viscosity is constant. The form of equation (6.5) is a generally
standard quoted time-scale to describe the viscous diﬀusion of a gas/ﬂuid over
any length scale. It can therefore be equally applied to the experiments as well
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Figure 6.3: Diagram showing viscous diﬀusion of a thin disc with Keplerian orbit.
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as accretion discs.
We can apply the concept of viscous diﬀusion to the experiment by measuring
the changes in the inner and outer radii of the disc using XUV data as shown
in Figure 6.4; note similar data was shown in Figure 5.7 obtained from optical 12
frame measurements. The mass distribution in the rotating plasma is constantly
changing due to the changing interplay between ram pressure and internal pres-
sure (and centripetal force). We therefore take as the equilibrium point, or
initial mass distribution, as the time when the ﬂow has its minimal width which
according to Figure 6.4 is  175 ns. From this point on we can see the plasma
ring spreads out, i.e. R increases, either side of an approximately central value
in an almost analogous way to the spreading of a disc shown by Figure 6.3. At
the equilibrium/initial time R ' 0:3 mm and at the ﬁnal measured time, 235
ns, R ' 0:9 mm. Taking the simplistic view that the rate of change is linear
then this equates to _R = 0:01 mm per ns which can be more conveniently given
as a characteristic time texp = 100 ns for a radial change of 1 mm.
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Figure 6.4: Radial measurements of the plasma ring from XUV data to determine
the change in R with time.
We then need to compare this to the viscous time-scale for a 1 mm radial
change. To apply equation (6.5) we use the same form for the viscosity as when
calculating the scaling parameters, equation (6.2). The viscosity is heavily de-
pendant on the ion temperature and we therefore have a range of uncertainty
depending on the temperature we take from the Thomson data. Taking the
ion temperature as  55 eV yields a viscous time, again over a 1 mm range,
of tvisc = 2:4 ms. If we assume that the higher, eﬀective, temperature that
was measured can in fact be achieved in the experiment then the viscosity is
greater and the viscous time decreases to tvisc ' 5 s; technically this would
also have consequences for our assumption that the viscosity is constant through
the plasma however this is not discussed. The range of viscous time-scales in
the experiment is therefore on the order of 5 s to 2.4 ms. This range is, at a
minimum, 50 times greater than characteristic time observed in the experiment.
For comparison in order for tvisc to be on the same order of magnitude as texp
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would require temperatures up to 1 keV and ionisations as low as 1 or 2; this
combination of parameters is simply not realistic.
Based on these time-scales we can be reasonably conﬁdent that the expansion
of the plasma is not occurring through viscous diﬀusion. This means there must
be some other mechanism driving the expansion. It can be somewhat argued that
this was expected as the high Reynolds number calculated for the experiment, 105
to 106, suggests that viscous processes are unimportant and we have essentially
just shown that again through diﬀerent reasoning. The high Reynolds number
does however hint that the observed dynamics of the plasma could be due to
turbulent motion and we can therefore begin to investigate the role of instabilities
on the dynamics.
6.2.2 Shear Flow Turbulence
The XUV data presented in Section 5.3 (Figure 5.20 on page 170) indicates the
development of azimuthal perturbations within the plasma ring and the, presum-
ably related, inward radial expansion of the cylindrical rotating ﬂow (discussed
above). The perturbations develop at its longest spatial scale   R, equivalent
to an m = 2 azimuthal mode, a short time after the initial formation; the initial
ring appears azimuthally uniform. Over the course of an XUV interframe (30
ns) it appears that the development of smaller scale, greater m number, struc-
tures proceeds via sequential doubling of the mode number. The interframe time
provides an upper limit on the characteristic growth time of the perturbation as
  < 30 ns. In addition to the large scale modes there also appears to be many
even smaller scale features however the evolution of these is diﬃcult to track from
frame to frame. To be able to analyse these features accurately would require a
faster interframe time and a higher magniﬁcation on the XUV camera.
An attempt was made to further quantify the perturbations by taking radial
and azimuthal intensity line-outs of the XUV images. The results of this analysis
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however were largely inconclusive. The main interpretations that could be made
were the possible seeding of a large scale perturbation at formation, which then
moves with the rotation, and a possible change from large to small scale structure
from greater to lesser radii in the plasma. There is not however enough evidence
to suggest that these statements are always true, or reproducible, and therefore
further investigation would be required to prove their validity.
Taking the XUV data in combination with the previous discussions on Reyn-
olds number (Re > Recrit = 104) and viscous time scales (t < tvisc > 10 6
s) suggests that we are observing the development of turbulent ﬂow within the
plasma. The concept of turbulent ﬂow is further supported by Thomson data
which indicates vorticity and possibly turbulent heating within the plasma. This
comes from measurements which show anomalously large broadening suggesting
non-physically large ion temperatures unless these eﬀects are present.
Due to the diﬀerential rotation, and therefore sheared ﬂow, the primary source
of turbulence is most likely the Kelvin-Helmholtz instability; from now on simply
termed KH. This instability manifests at the boundary between two ﬂuids, or
ﬂuid layers, if ﬂuctuations at the boundary are unstable and grow; the transition
region over which these ﬂuctuations occur is known as the shear layer.
6.2.2.1 Kelvin-Helmholtz Instability
Shear ﬂows were previously discussed in Section 1.4 from the perspective of mass
and momentum transport however in the following they will be discussed in
relation to growing instability. We will ignore the curved nature of the rotating
ﬂow and assume for simplicity that shear layers are planar in the x; y plane and
that the ﬂuid travels in the x direction with velocity (U) and density () gradients
in the z direction. To relate this general geometry to the experimental context we
deﬁne the positive z direction to be in the direction of increasing 
 and therefore
towards the axis.
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The derivation of the basic equations for KH can be found in Drake (2006)
however the method can be summarised as follows. The hydrodynamic continu-
ity and momentum equations are rewritten to account for small perturbations
in density, pressure, and velocity u (u; v; w); u; v; w are the velocity perturba-
tions in the x; y; z directions. We then assume there are surface waves along
the boundary with amplitudes / exp i (kxx+ kyy + nt) which grow in time; in-
creasing amplitude requires an imaginary growth rate n. Inputting this into the
modiﬁed dynamic equations, and after much algebra, gives a single second order
diﬀerential equation for the velocity perturbation w; i.e. the perturbation per-
pendicular to the boundary. This can then be used in conjunction with relevant
boundary conditions to investigate speciﬁc cases.
The boundary conditions, and therefore the result of KH analysis, is determ-
ined by the type of shear layer that is assumed. The simplest case of KH is to
consider two ﬂuids at a boundary with uniform densities (1, 2) and velocities
(U1, U2) with the values changing only due to a discontinuity at the boundary.
It is also assumed that acceleration is negligible which is a reasonable starting
premise in context of the experiments. The solution for the KH growth rate in
such a system is given by
n =  kxAn
2
U  ikxU (12)
1=2
(1 + 2)
; (6.6)
where An = (2 1)=(2+1) is the Atwood number which varies from -1 to 1.
Provided that An 6= 0 then n has a real component and the waves propagate along
the boundary surface. The negative imaginary part of the solution describes the
exponential growth. From (6.6) it is clear that all perturbations at all wavelengths
are unstable and will grow however the smallest wavelengths will grow ﬁrst as
they have the fastest growth rate. This is the exact opposite order of perturbation
growth to what is observed in these experiments and arises due to the fact that
197
6 Astrophysical Relevance and Turbulence
the shear layer is not inﬁnitely sharp; instead we should consider an actual shear
layer with a deﬁned width.
The simplest way to approximate a shear layer is to assume that the velocity
no longer changes instantaneously but gradually over the width of the layer; the
density change however is still instantaneous at the boundary. In a physical
context this is relevant to KH at the boundary of incompressible ﬂuids with slow
density variations. In relation to our experiment this could be relevant if the shear
layer is close to the ablation jet into rotation ﬂow shock. A non instantaneous
change in velocity (or in general any parameter) requires that the shear layer
has a width. The width is determined by the viscous diﬀusion of momentum in
the plasma/gas which causes the layer to develop a minimum scale length
p
t;
the layer can however be larger than this. The main result of a shear layer is to
stabilise the instability at short wavelengths and increase the maximally stabilised
wavelength with time. Working in the inertial frame whereby the velocity changes
by the shear velocity Us over the width of the layer L gives the KH growth rate
as
n =  kxUs

1 +
An
2kL

 i
"
gAnk  

AnkxUs
2kL
2#1=2
; (6.7)
where g is the acceleration in the z direction.
As before the real part of the growth rate indicates that the waves propagate
along the boundary. The diﬀerence in this case is that propagation will occur
regardless of the densities (contained in An). For KH to grow in this system the
argument within the square brackets must be > 0. Conversely if this is < 0 then
then KH is always stable; instability requires an imaginary growth rate. This will
occur if gAn  0 which requires either a negative acceleration or density 1 > 2.
With our experimental deﬁnition that positive z is towards the axis then the
acceleration g is also positive and stability depends only on the relative densities
across the boundary. Therefore if density increases in the z direction then its
possible for KH to grow whereas if it decreases then it will always be stabilised.
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If our instability is driven by the shock boundary then we can be conﬁdent
that density increases away from the shock and any perturbation could grow. In
the body of the rotating ﬂow however the situation is less clear; mainly due to a
lack of direct measurement of the density. We can use the results of simulation to
aid us here which suggests that the density proﬁle of the rotating ﬂow is roughly
Gaussian. This could also be seen experimentally by assuming that the intensity
in the radial line-outs (Figure 5.22), which are also approximately Gaussian, is
directly linked to the density. Between the centre and the outer edge therefore
we have the same density proﬁle as across the shock, 2 > 1, and the possibility
of growth from a shear in this region. A shear somewhere in the inner half of the
ﬂow however would be stabilised as the Atwood number is negative.
For the regions in which instability growth could occur then equation (6.7) can
be used to ﬁnd the range of wavelengths which are unstable through
 <
8L2g
An cos2 U2s
; (6.8)
where cos  = kx=k. In general therefore we see that the long wavelength modes
are stabilised and short wavelengths are unstable. We can attempt to put this
into perspective by using some numerical values from the experiment. Firstly
we can make some assumptions to remove the unknowns. We assume maximal
perturbation by taking k and kx parallel such that cos  = 1 and that g is the
centripetal acceleration U2s=r which also therefore eliminates the shear velocity.
The maximally unstable mode is therefore  < 8L2=Anr. The largest density
diﬀerence is unlikely to be greater than the ablation to rotating ﬂow diﬀerence,
2:51018 cm 3 and 11019 cm 3 respectively, giving An = 0:6; for less extreme
diﬀerences An approaches zero which also increases the maximally unstable mode.
Taking L =
p
t should give us the minimum possible width of a shear layer
however this means our calculation is also time dependent. We will take for
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now t = 30 ns as this is the maximal characteristic time determined from the
XUV images. This provides a minimum shear width of 3.5 m. Using these
numbers at a radius of 1.5 mm in equation (6.8) however yields an incredibly low
stable wavelength of 85 nm with the implication that only modes shorter than
this will grow. Even taking the value of r to represent a deceleration length, for
simplicity assumed to be on the order of length L, only increases this to 70 m.
Unfortunately therefore these assumptions cannot describe the dynamics for the
experiment for which there are unstable modes on the order of millimetre scale
length.
The above however only assumes that the scale width is the minimum size
possible through viscous diﬀusion however it is possible to be larger than this. We
can therefore work in the opposite direction to determine the shear layer required
to provide the largest perturbations. For example the wavelength of the largest
observed perturbation, r ' 4:7 mm (r = 1:5 mm), would be the maximally
unstable wavelength for a shear layer with scale width 0:4 mm. Although this
is larger than the width of the rotating ﬂow at the time of this perturbation,
R ' 0:3 mm, the shear layer would have formed at an earlier time when the
plasma was thicker; on the order of  0:5 mm. At the subsequent time in
the experiment where we can observe an m = 4 perturbation the wavelength
is  2:3 mm and the corresponding shear width 0:24 mm. This is less than
the plasma width at any time in the experiment evolution. The implication
therefore is that the structures observed in the XUV images could be the result
of shear instabilities driven across a shear layer with width comparable to the
radial thickness of the rotating plasma.
Furthermore we can also use equation (6.8) to estimate the characteristic growth
time, 1=n, for the perturbations. In general, as with the simpler case of a sharp
interface (equation (6.6)), the growth rate increases with k which means that
lower wavelength instabilities evolve quicker and should appear ﬁrst. Again how-
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ever this is opposite to the observed perturbation growth in the experiments.
It's therefore likely that the initial ﬂuctuations causing the instability origin-
ate at this larger wavelength and thus manifest ﬁrst. As we know the smaller
wavelengths will grow quicker we can use the characteristic time for the longest,
r, mode to determine the slowest evolution time of the system. Making the
same assumptions as above for k, An, and g, and taking for Us the value of the
angular velocity at a radius of 1.5 mm, then the slowest characteristic growth
time is tc = 1=n  12 ns; shorter wavelength modes therefore have tc < 12 ns.
The characteristic growth time of the largest perturbations is therefore in good
agreement with the observed characteristic time from the XUV data of 30 ns; or
rather is of a suﬃciently slow time that we observe changes between XUV frames.
An alternative estimate for the growth time is given by r=cs (Ryutov, 2010) where
cs is the sound speed. Using for r the calculated shear layer width of 0:4 mm gives
a growth time of 12.5 ns which is in excellent agreement with our calculation. If
however we take for r a value closer to the radius of the ﬂow (from the axis) then
this can range up to  40 ns. Even this larger estimate however is still within
reasonable agreement with the observation time.
The above discussions show promising corollaries between the observed per-
turbations and KH theory. Primarily that the length and time scales of the
perturbation are of the correct magnitude that a KH instability might well be
what is observed. We could attempt to take this further to compare to theory
involving a transition in density as well as velocity however any set-up approach-
ing a real system yields equations and solutions too complex to solve analytic-
ally. The main result of this type of analysis which would be relevant is that a
condition for stability on the shortest wavelengths is introduced; for example a
fully mixed transition region requires  & 10
p
t (Drake, 2006) which for the
minimum layer width above would be  & 35 m. This however is not partic-
ularly interesting for our comparisons whereby we can only observe the longest
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wavelength modes. Whilst the above analysis may not be enough to prove the
presence of KH instability within the ﬂow it certainly highlights the need for
further investigation.
6.2.2.2 Hydrodynamic Turbulence
In the XUV data we observe the initial formation of large scale perturbations
followed by the subsequent development of smaller scale structures. Couple these
results with the Thomson data in which we observe the possibility of vorticity
then its possible we are observing a more interesting phenomenon than simple
growth of the KH instability. If the observed perturbations have vorticity then its
possible that the large scale structures, which appear ﬁrst, are providing energy
for the development of the small scale ones, which appear later, through vortex
motion. This process is known as hydrodynamic turbulence.
We can attempt to analyse the turbulent nature of the experiment using the
above results however, as with the KH discussion above, we are limited in the con-
clusions that can be made due to insuﬃcient data. Primarily the following simply
serves to show that turbulence is worth investigating in future experiments.
The basic premise of turbulence is the following: Energy is introduced to the
system by some unstable process, for our experiments this is probably the KH
instability, which enables processes to generate smaller scale ﬂuctuations which
eventually lose their energy to the surrounding ﬂow through viscous dissipa-
tion. Thus energy is input at some large scale and eventually dissipated through
the generation of smaller and smaller structures down to the viscous scale. An
essential aspect of turbulent systems is therefore vorticity as once generated this
can only spread through viscous diﬀusion and be removed by viscous heating; i.e.
smaller scale vortices will be created by the diﬀusion and the energy is eventually
dissipated by heating.
We follow the formalism adopted by most turbulence texts (e.g. Drake, 2006;
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Kuan-yun Kuo and Acharya, 2012) in that the vortices are modelled as rotat-
ing toroids. The energy input on the global scale by KH is deposited in the
largest scale structures called eddies. It is assumed that these eddies dissipate
their energy on the time-scale of one circulation time therefore the rate of power
dissipation (per unit mass) is on the order of Pt  !3e=l; where !e is the eddie
rotation velocity and l its diameter. Assuming that the velocity ﬂuctuation (!e)
is constant as the scale decreases then the maximum vortex scale at which vis-
cosity can dissipate all the energy of the largest eddies is given by the Taylor
microscale,
T
l
=
p
15
Re1=2
: (6.9)
We can estimate the eddie diameter as the thickness of the plasma ring when
we ﬁrst observe the perturbations,  0:3 mm, and use the lower limit for the
Reynolds number,  105, to provide an upper estimate of T ' 40 m. This
indicates the scale at which the global (initial) dynamics driving the largest eddies
no longer inﬂuence the energy transfer. Vortices at this scale however do not
satisfy the requirement that energy is dissipated in one rotation and therefore
smaller vortices continue to form. The energy transfer continues down to the
Kolmogorov scale which determines the length, time, and velocity:
k =
l
Re3=4
; k =

l
!e

1
Re1=2
; uk =
!e
Re1=4
; (6.10)
of the smallest possible structures. Taking from the Thomson data the velocity
associated with broadening of the spectra,  60 kms 1, provides estimates for
the Kolmogorov scales as k = 0:5 m, k = 0:5 ns, and uk = 1:9 kms 1.
It is notable however that the Taylor and Kolmogorov scales are much smaller
than the perturbations observed at early times in the XUV. This indicates that
these structures are likely dominated by the driving mechanism for the KH in-
stability rather than energy dissipation through turbulent motion. At the later
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observation times the structures could be due to developing vortices however fur-
ther investigation is required to determine this. What these scales do indicate
however is that it is perfectly reasonable for vorticity to be observed from Thom-
son scattering as the scale size of these vortices is much less than the size of the
scattering volume ( 100 m).
The ﬁnal point to consider is that turbulent motion will lead to heating of the
plasma and therefore the temperature measured in some Thomson spectra could
be real; the ion temperature of the largest broadened spectra was in the region
of 500 to 700 eV. If we make the assumption that the energy cascade from the
eddie to viscous scale is the same at all scales then the rate of energy dissipation
is given by the driving scale; which from above is Pt  !3e=l. The total internal
energy per ion is given by 32kB (Z + 1)T and therefore the rate of energy change
dE=dt gives the ion heating rate. We can then equate the rate of ion heating to
energy dissipation to give
3
2
kB(Z + 1)
dT
dt
' mi!
3
e
l
; (6.11)
and rearrange to solve for the increase in temperature
T ' dT
dt
t: (6.12)
We can use the same parameters above for the length and velocity estimates
(0.3 mm, 60 kms 1) however the choice for t is less obvious. Although we know
at what time the Thomson measurements were made, and the time at which XUV
observations were made, we do not know the actual time between the onset of
instability and the time the temperature was measured which would provide an
accurate t. We will therefore use the characteristic times for the perturbation
growth discussed earlier as guidelines. Taking 12 ns as the shortest possible
time scale gives T ' 200 eV whilst using 30 ns for the longest time yields
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T ' 500 eV. We therefore have a possible range of temperature increase, on
top of the initial shock heating, of 200 to 500 eV. The lower estimate comfortably
encompasses the broadening of features such as Figure 5.19 in which we still
observe acoustic resonance; and even has some leeway for radiative cooling of
the plasma. The upper estimate on the other hand could explain the very high
temperature estimates from some Thomson spectra as it reaches the lower bound
of 500 eV; although this would require no energy loss through radiative processes.
These temperature estimates therefore show that the broadening observed in
many Thomson spectra, from the rotating ﬂow, could in fact be measuring pock-
ets of locally heated plasma within the ambient ﬂow which is a result of tur-
bulence. As above this is possible to measure because the scale size at which
this energy transfer (heating) occurs is much less than the size of the Thomson
scattering volume. If this is the case then this is potentially very interesting for
both accretion and plasma physics.
The above discussion has outlined the possibility that the rotating plasma ﬂow
is generating turbulent dynamics driven by the KH instability. Whilst direct
evidence of turbulence is still very much lacking this analysis has provided time
and spatial scales for turbulence which agree remarkably well with observations
from the XUV and Thomson diagnostics. Of particular interest is the possibility
of an energy cascade from the driving to viscous scales which could be responsible
for heating the plasma. Further investigation into the turbulent dynamics is
therefore warranted as, to the authors knowledge, these could be some of the
ﬁrst plasma experiments to demonstrate the development of a turbulent cascade.
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7 Conclusions
This work has focussed on the development of an experimental platform to study
accretion disc physics in a high energy density (HED) environment. The experi-
ments make use of a cylindrical wire array z-pinch subjected to a cusp magnetic
ﬁeld created by oppositely aligned coils connected above and below the array. As
electric current passes through the wire array a plasma is created around each
wire which ﬂows inwards at a small angle oﬀ centre due to the combination of
Lorentz forces Fr = Jz  B and F = Jz  Br. The resulting interactions of
the wire ablation streams create a rotating plasma ﬂow analogous to a rotating
accretion disc.
The oﬀ axis angle of the ablation streams, and the resulting size of the formed
plasma ﬂow, is determined by the ratio Br=B with Br set by the coil twist and B
the generator current. As both B and Br are driven by the generator current,
 1:4 MA in a 250 ns rise time, the only control over the experiments is in the
choice of coils; i.e. cusp ﬁeld. The coils used in this work had only very small
fractions of a turn, either 2=8, 2=16, or 2=32, as only a small amount of twist
provided very large cusp ﬁelds on the order of a few Tesla. The strength of the
cusp ﬁelds were not directly measured but inferred from the resulting stream
angles.
The initial experiments on cusp ﬁeld wire arrays utilised manually twisted
coils. This allowed for quick and easy construction of the coils which were then
used to demonstrate the proof of concept for these experiments. The manual
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construction however meant that no two experiments were ever the same which
was problematic for obtaining reproducible results. Furthermore it often proved
too diﬃcult to construct a symmetric cylindrical wire array between the two
coils leading to axial and azimuthal variations between ablation streams. These
variations ultimately broke the symmetry of the experiment and again meant
that the experiments were not reproducible.
To address the issue of reproducibility the coils were redesigned to utilise ﬂat
rods which were manufactured using a photo-fabrication technique. This meant
that each coil of a given twist was identical to any other and that the connected
wire array was much more symmetric. The result was therefore identical set-
ups to each experiment which yielded reproducible plasma dynamics. These
experimental loads (coils + wire array) were primarily used to investigate the
diﬀerences between plasma dynamics produced by diﬀerent cusp ﬁeld strengths
(controlled by the coil twist). The principle results were that the radius of the
formed plasma ﬂow could be controlled by varying the coil twist (i.e. cusp ﬁeld
strength) and that the plasma rotates about the axis. These results were obtained
through a combination of laser and self-emission imaging, in both the end on (r; )
and side on (r; z) planes, and a 27 ﬁbre channel Thomson scattering diagnostic;
the Thomson diagnostic had a spectral resolution of 0:5 Å and spatial resolution
of 200 m per ﬁbre.
Despite the success of these experiments in producing a rotating plasma it
was found that the ablation streams did not behave entirely as expected. It
appears that at late times in the experiment, but before the implosion phase of
the wire array, the ablation streams abruptly change angle from initially oﬀ-axis
to a more axial trajectory. The change in the stream dynamics causes a change
in the morphology of the rotating plasma and adversely aﬀects the cylindrical
symmetry of the experiment. Based on side-on observations of the plasma and
comparisons to previous data (from the manual twist experiments) it is likely
208
that this is a result of some change in the cusp magnetic ﬁeld. The cause of the
ﬁeld change is most likely a breakdown of the electric current across the coil rods
although the exact mechanism for the breakdown is unknown.
As the ﬂat rod coils did not yield a viable long term solution for these exper-
iments further developments were made to improve the experiment design. The
result was the mass manufacture, using a wire forming technique, of round 1 mm
Ø steel rods to be used in the coils. This allowed for loads with the experimental
reliability of the manually twisted coils and the reproducibility of the ﬂat rod
coils. With set-ups and results that were consistent between experiments these
loads were used to study in depth the rotation dynamics of the resulting plasma.
Results from investigations into 2=16 twisted coils showed the consistent form-
ation of rotating, hollow, cylindrical plasmas with diameter  3 mm and height
4 mm; the radial thickness of the plasma ﬂow was on the order of 0.5 mm.
This geometry is sustained in a quasi-equilibrium state by the ram pressure from
the ablation streams for approximately 150 ns. The dimensions of the formed
plasma ﬂow are morphologically diﬀerent to an accretion disc for which the ra-
dius is always much less than the height. Furthermore the ram jets only constrain
the plasma in the r;  plane and as such axial outﬂows are observed to develop.
These outﬂows do not however appear to inﬂuence the experiment dynamics dur-
ing the 150 ns in which the plasma is in a quasi steady state and only seem to
be signiﬁcant after this time.
Using a Thomson scattering diagnostic with greater resolution than previously
possible (0:25 Å spectral resolution and 100 m spatial resolution per ﬁbre) it
was found that the plasma rotates at an approximately constant velocity between
60 and 75 kms 1; the range of values is a result of the uncertainty in the probing
path. Comparing time-scales for the experiment duration and rotation period in-
dicates that plasma which was present at the cylinders formation could complete
on the order of 1 rotation. This time-scale is very diﬀerent from astrophysical
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accretion discs whereby matter rotates in a quasi-equilibrium state slowly ac-
creting towards the centre. The almost constant rotation velocity provides an
r 1 dependence to the angular velocity which is similar to the r 3=2 Keplerian
rotation observed in accretion discs. This means that the plasma rotation is dif-
ferential and that the angular momentum, / r2
, increases with radius; thus the
experiment has the relevant velocity and momentum proﬁles for accretion discs.
As the plasma ﬂow is diﬀerential these experiments should allow for studying
shear driven, compressible, instabilities in a curved geometry. This is signiﬁcant
in the context of further investigations as, to the authors knowledge, there are
no current plasma experiments studying curved shear ﬂows.
The Thomson scattering diagnostic was also used to determine the temperat-
ure and ionisation of the rotating plasma. The electron temperature is constantly
found to be in the region of 30 eV and the ionisation between 6 and 8. The ion
temperature however is much more variable and can be anywhere within a range
of  55 eV, for ion-acoustic resonant spectra, to several hundred. The source of
the high temperature measurements cannot be the shock heating between the ab-
lation and rotating plasma as the temperature is too high. It is therefore thought
that these temperatures are a result of vorticity and possibly other heating mech-
anisms within the plasma.
Using the Thomson measured temperatures allowed for some dimensionless
parameters of the plasma to be calculated. The Mach number of the ﬂow is
 2, the Reynolds number between 105 and 106, and the Magnetic Reynolds
number in the range 20 to 100. These values compare reasonably well with the
dimensionless parameters of many accretion discs for which typical values are as
follows: Mach 1 to 10; Re > 107; and Rem > 1011. Although the values do
not match exactly that is not a requirement for the scaling to be appropriate
as, particularly for Re and Rem, all that is required is that the parameters are
 1 in both systems. We can therefore be conﬁdent that we are probing similar
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physics within the rotating plasma to the rotating gas of an accretion disc.
The value for the Reynolds number is suﬃciently large that viscous eﬀects
are unimportant within the ﬂow and furthermore it is greater than the critical
Reynolds number, Re > Recrit ' 104, for shear ﬂow turbulence. Turbulent
motion could explain the vorticity observed in many of the Thomson spectra
and is also supported by XUV observations. In particular it was shown that the
diﬀusion time of the cylindrical plasma to change its radius by 1 mm, exp =
100 ns, is much faster than the viscous diﬀusion time required to produce the
same change, visc > 5 s. Presuming that the reason for the radial changes
is turbulence then the XUV inter-frame time puts an upper time limit on the
turbulent growth rate of 30 ns. This time-scale compares favourably with the
estimated growth rate of the Kelvin-Helmholtz (KH) instability, 12 to 40 ns,
which indicates this is the most likely driver for instability in the experiments.
Other instabilities were not investigated due to the limited data and because KH
is the most likely candidate considering the sheared, diﬀerential, nature of the
rotating ﬂow.
If the KH instability is present then it is also likely that this will be a driver
for the development of full hydrodynamic turbulence. Calculation of the Taylor
micro-scale, ' 40 m, and the Kolmogorov scale, ' 0:5 m, indicated that the
turbulent vortices should be observable and could therefore be the focus of future
work. Furthermore using an estimate for the turbulent power dissipation it was
shown that turbulent dynamics could be responsible for temperature increases
up to ' 500 eV and thus could explain the high temperatures observed in some
Thomson scattered spectra.
Given that the experiment only undergoes 1 rotation however it is unlikely that
KH instabilities or turbulence are arising from simple shear ﬂow interactions; as
they might in an accretion disc due to the many rotations. It is more likely that
the driving force for instability is the interaction at the boundary between the
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ablation streams and the rotating plasma. For future investigations the exper-
iment is therefore useful for studying fast developing instabilities with growth
rates less than a single rotation. In an astrophysical context the experimental
conﬁguration is similar to accretion processes expected to be present in double
star conﬁgurations; in particular for example cataclysmic binaries (Armitage and
Livio, 1998; Kunze et al., 2001; Truss, 2007).
Although the discussions in this work focussed on the assumption that the tur-
bulence is hydrodynamic there is an alternative possibility for the driving mech-
anism. Current understanding of accretion discs points to a magnetic source for
the turbulence (Balbus and Hawley, 1991, 1998), which drives the angular mo-
mentum transport, known as the magneto-rotational instability (MRI). For such
an instability to be present requires that magnetic ﬁelds are well coupled to the
plasma/gas which is indicated by an Rem  1. The range for the magnetic Reyn-
olds number in the experiment, 20 to 100, is suﬃciently high that magnetic ﬁelds
could be having an eﬀect on the plasma dynamics. The high magnetic Reynolds
number of the ablation streams, Rem  100, indicates that the source of mag-
netic ﬁelds is likely ﬁeld frozen into the plasma near the wires and advected with
the ablation (Aleksandrov et al., 2009; Greenly et al., 2009; Harvey-Thompson
et al., 2012). As such a predominantly toroidal ﬁeld would be expected in the
rotating ﬂow however it is also possible for axial and radial ﬁelds to be present.
If there is magnetic ﬁeld in the rotating ﬂow then the diﬀerential nature of the
rotation could lead to the development of the MRI. It is not yet clear however
what the strength of these ﬁelds are as no direct measurement of magnetic ﬁelds
were made; this will be attempted in future experiments. The only indication of
the ﬁeld strength is provided by numerical simulations (Bocchi et al., 2013a) of
the plasma beta. These show  on the order of a few which indicates that the
plasma pressure dominates magnetic tension. It is worth noting however that
only a weak ﬁeld is required for MRI to develop and that too strong a ﬁeld will
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in fact stabilise it.
Whilst the possible development of a magneto rotational instability is inter-
esting there is as yet no direct evidence for it within the experiment. Instead at
present it appears more likely that the small scale structures observed in XUV
imaging are a result of hydrodynamic driven turbulence instead of magnetic.
Further work is therefore required to investigate the driving mechanisms and
subsequent development of the observed perturbations. For now what has been
conclusively shown is that z-pinch experiments can be used to create plasmas
which are dynamically similar to an astrophysical disc. The method for creating
the rotating plasma is reasonably similar to the formation of a disc in for ex-
ample binary systems but more importantly the rotating ﬂow reaches the correct
parameter regimes to be relevant to a range of accretion discs. These experi-
ments have therefore set the framework for future laboratory investigations into
accretion disc dynamics in a plasma physics environment.
7.1 Further Work
The data clearly shows the development of some instability within the plasma
and therefore identifying the drivers and mechanisms for this provides much of
the motivation for further work. Clearly these experiments still have much to
tell us and as such the experimental set-up would be mostly kept the same. The
only change to the set-up that would make sense at this time would be to adjust
either the coil twist or height of the wire array to create a structure which has
a more disc like shape; i.e H  R. This would ensure that the rotating plasma
ﬂow is geometrically analogous to an accretion disc and that any instabilities are
not aﬀected by the extended height of the plasma. This may have the negative
eﬀect of increasing the rate of vertical mass loss however and therefore this would
need to be investigated.
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With or without the adjustment to the set-up the focus of further work is
largely on the better use of diagnostics in order to probe the unstable structures
of the plasma. Suggestions for improvements to the experiment are discussed in
the following.
7.1.1 Optical imaging of speciﬁc ion species
One possible method of imaging the turbulence is through optical self emission.
At ﬁrst this might seem contradictory considering it was previously stated that
XUV imaging was used because optical imaging did not provide suﬃcient detail
of the plasma; the XUV images clearly show the perturbed structures whereas
the 12 frame camera does not. In order to use optical imaging to measure the
turbulence requires a combination of a second ion species in the plasma and ﬁlters
on the 12 frame camera.
It is possible to introduce a second ion species to the plasma by using doped
wires; i.e. wires made up of a very small percentage of a second material. The
plasma would still be predominantly aluminium and should therefore behave
as discussed in the previous chapters. The dopant however should have diﬀerent
radiative properties to the aluminium and therefore it should be possible to image
only the doping material, distinct from the aluminium, by appropriate use of
optical ﬁlters. As an added beneﬁt if a heavier element than aluminium was used
as the dopant then, due to the increased radiative properties, it is likely that the
plasma temperature will be lower. This might allow the plasma to reach even
greater dimensionless regimes than previously possible. A more drastic approach
could even be to replace one of the wires in the array with an entirely diﬀerent
wire type however the eﬀect this has on the overall dynamics would need to be
investigated ﬁrst.
We can attempt to identify useful dopant materials, and ranges for optical
ﬁlters, by computing theoretical emission spectra from various materials using
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(a) ni = 1 1018 cm 3, T = 30 eV (b) ni = 1 1018 cm 3, T = 55 eV
Figure 7.1: PrismSPECT results for aluminium, copper, and iron plasmas.
software called PrismSPECT. As can be seen form Figure 7.1 however the ion
emission depends heavily on the temperature of the plasma. It also depends on
the density however for ease of comparison it has simply been assumed that ni
is on the order of 1018 cm 3. This presents a problem as we still do not have
an accurate picture of the plasma temperature at all times and the density is
likely always increasing. For example if the ions were the same temperature as
the electrons,  30 eV, then Figure 7.1a suggests that copper doping could be
viewable, on top of an aluminium background, if we ﬁlter the images to 542 nm. If
however the temperature increases later in the experiment then Figure 7.1b shows
that we will instead observe the aluminium emission at the very same wavelength.
Instead if the ion temperature is on the order measured from Thomson scattering,
 55 eV, we should use iron doped wires and 600 nm ﬁlters.
The PrismSPECT spectra indicate that a diagnostic of this type is feasible
within these experiments however a more detailed understanding of the temporal
evolution of the temperature is required ﬁrst. With this information the 12
frame camera could be set-up with the appropriate ﬁlters to image segments of
the plasma evolution at the relevant times; this is a more focussed use of the 12
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frame camera than was previously feasible in the experiments.
7.1.2 Improved XUV and Laser imaging
In Chapter 5 attempts were made to measure the perturbations observed in the
XUV using intensity line-outs. This analysis however did not yield accurate
enough data for deﬁnitive conclusions to be made. In order to give this analysis
a better chance of working, and to generally obtain better XUV images, the
magniﬁcation of the XUV camera could be increased. The diﬃculty in achieving
this arises from requiring the pinholes very close to the experiment load to allow
a large pinhole to camera separation; i.e. small p and large q in Figure 3.2 on
page 81. The set-up for the XUV images shown previously was determined largely
by the closest point to the experiment on the chamber lid at which the pinholes
could be mounted; this set the pinhole to plasma separation as  26 cm.
In order to position the pinholes closer to the plasma a mounting arm has been
designed to attach to the lid and suspend the pinholes above the experimental
load. An additional consideration for the design was to allow the Thomson
alignment pin access to the load and to ensure there is no image overlap on
the MCP. By positioning the pinholes  11 cm from the plasma it has been
determined that a magniﬁcation of approximately 2 covering a diameter of 5 mm
about the axis, slightly larger than the typical size of the plasma ring, should be
achievable.
If magniﬁed XUV images do not yield the desired data then it's possible that
laser imaging could be used instead. It was previously shown that refraction of the
laser beam means that the transmission of the laser through the rotating plasma
cannot be observed. As the plasma is not likely to be at the critical density for the
lasers, nc(532 nm) = 4  1021 cm 3 and nc(355 nm) = 9  1021 cm 3, the only
other explanation is that the acceptance angle of the optical system is too small.
To improve the acceptance angle would require positioning the ﬁrst imaging lens
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closer to the plasma. As with the XUV diagnostic however the complication with
this arises due to the physical dimensions of the MAGPIE vacuum chamber. In
a similar vein to the XUV solution a new chamber lid is being designed to lower
the end-on output port closer to the experiment such that a lens may be mounted
much closer. This however also requires a new optical system to direct the beam
in an opposite direction to that shown in Figure 3.4 on page 86.
7.1.3 Measuring Magnetic Fields
One of the more interesting possibilities from these experiments is that the dy-
namics might in some way inﬂuenced by accumulated magnetic ﬁeld. One way of
parametrising this is through calculation of the plasma beta,  ' P=B2. The pres-
sure P can be estimated from the temperature and density which have already
been measured in the experiments. Therefore the only additional diagnostic we
need to estimate  in the experiments is some way to measure the magnetic
ﬁeld strength. There are currently two methods used on MAGPIE to measure
magnetic ﬁelds; B-dot probes and a Faraday rotation diagnostic.
The easiest method to measure magnetic ﬁelds is through a B-dot probe. This
is a simple small coil of wire which measures the voltage induced across the coil
by the changing magnetic ﬁeld through it. Many such coils have already been
used in previous MAGPIE experiments; for example Suzuki-Vidal et al. (2010);
Lebedev et al. (2014). The problem with such probes is that they need to be
placed within, or very close to, the plasma ﬂow in order to measure its magnetic
ﬁeld. As such although these diagnostics are readily available they were not
ﬁelded in the experiments reported on in this work; they would have disrupted
the plasma ﬂow(s) and obscured other diagnostics. With a better understanding
of how the plasma behaves however it may be appropriate to use B-dot probes
in future experiments.
A less intrusive method for measuring magnetic ﬁelds is through the use of
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Faraday rotation. This is a relatively new diagnostic for the MAGPIE team with
the ﬁrst data from it published in Swadling et al. (2014a). The set-up for the
Faraday rotating diagnostic is very similar to that used for interferometry; in fact
part of the beam is used to produce interferograms. The general idea is that as
the beam passes through the plasma it gains a phase shift due to the refractive
index (interferometry) and its polarisation is rotated by magnetic ﬁelds. The
degree of rotation is measured by applying an external rotation to the beam and
comparing the intensity of pre and post shot images; conceptually similar (but
not technically) to the way interferograms are measured for density. In addition
to being non intrusive on the plasma this diagnostic has the beneﬁt of measuring
the line integrated ﬁeld strength parallel to the laser beam (Bk); the b-dot probes
are only able to detect a spatially local magnetic ﬁeld.
Applying this technique to the cusp ﬁeld experiments however is not as straight
forward as the above may suggest. In order to provide a measurable amount of
rotation a 5J (1ns) 1064 nm beam is used to probe the plasma. Whilst the crit-
ical density is still well above what we expect the plasma to be, nc(1064 nm) =
11021 cm 3, we will be even more susceptible to the acceptance angle problem.
Furthermore we need to choose carefully which direction to probe the plasma as
the diagnostic is only sensitive to Bk. The easiest set-up would be to align the
laser side-on however we would be integrating the ﬁeld across the whole width
of the wire array. This has the beneﬁt of detecting azimuthal and radial con-
tributions to the ﬁeld however there is the possibility, at least in the absence of
anything interesting, that these will simply integrate to zero. The more interest-
ing direction however is end-on through the plasma as this will provide inform-
ation on the axial ﬁelds. In addition to the acceptance angle issue this raises
the question of placing expensive optics inside the vacuum chamber and subject
to destruction by the plasma. A potential solution would be to re-orientate the
experiment load so that it sits side on to the chamber in a similar manner to
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experiments by Swadling et al. (2015). This however would require an extensive
redesign and re-investigation of the experiment to check that all worked as inten-
ded in this conﬁguration. Whatever the geometry chosen for Faraday probing it
is clear that applying this technique to the experiments will be no easy task; the
results however could prove to be very interesting.
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